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Providing environmentally friendly conditions and optimizing energy consumption 
are two essential requirements in order to achieve sustainable machining processes.  One 
of the major sustainable machining concerns is the implementation of cutting fluids due to 
its significant impact on the machining quality characteristics. In addition, several 
economic, environmental, and health problems take place due to the inappropriate 
application of cutting fluids, therefore, previous research has introduced advanced cutting 
fluids technologies in order to optimize the cutting fluids usage during machining. 
However, there are still issues related to machining difficult-to-cut materials that have not 
been addressed and need to be improved. These materials have superior characteristics such 
as high strength to weight ratio, corrosion resistance, temperature resistance, and chemical 
stability, allowing them to be materials of choice in the aerospace, automotive, oil and gas, 
and bio-medical industries. Despite their desired characteristics, the wide spread 
applications of these materials has been compromised by several difficulties that arise 
during machining.  
Flood cooling is a typical cooling strategy used in industry to dissipate the high heat 
generated during machining difficult-to-cut materials; however, the use of flood coolant 
has raised environmental and health concerns which call for different alternatives. 
Minimum Quantity Lubricant (MQL) has been successfully utilized as an acceptable 
coolant strategy; however, its potential to dissipate heat is much lower than the one 
achieved by flood coolant. One of the best techniques to enhance MQL heat capacity is the 
application of nano-cutting fluids as they offer significant enhancement in the tribological 
and heat transfer characteristics.  
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The main objective of the proposed research is to fully investigate and understand the 
influence and role of dispersed multi-walled carbon nano-tubes (MWCNTs) into vegetable 
oil by implementing the minimum quantity lubrication (MQL) technique during turning 
Ti-6Al-4V titanium alloy and Inconel 718.  The Investigations include study of the energy 
consumption, tool wear behavior, chip morphology, and surface quality when using nano-
cutting fluids based MQL. The study revealed that nano-fluid based MQL improves the 
tool performance and proves clear advantage over the traditional/classical MQL. 
In order to provide a solid physical understanding of the studied cutting processes 
using MQL-nano-fluids, the tribological aspects of the process and heat transfer 
mechanisms have been analyzed and investigated. The study presented a comparative 
performance analysis between MWCNTs and aluminum oxide (Al2O3) nano-cutting fluids.  
Additionally, an integrated finite element (FE) model has been developed in order to 
simulate the thermal and frictional effects of the MQL-nano-fluid to study various unique 
cutting aspects such as generated cutting temperature and residual stresses.  
Furthermore, a general and detailed assessment model is developed and used to assess 
the sustainability of machining processes. Energy consumption, machining costs, waste 
management, environmental impact, and personal health and safety have been used to 
express the overall sustainability assessment index. It should be stated that the model 
predictions agree with the experimental findings. As such, the developed model offers a 
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Eiṅ  Input thermal energy rate 
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Chapter 1 Introduction  
1.1. Preamble 
It is a well-acknowledged fact that the major environmental concerns have arisen 
because of the pollution and consumption of natural resources. Thus, the implementation 
of sustainable systems is an essential requirement in modern manufacturing to address 
these concerns and present effective solutions.  There is no universal definition for the term 
sustainability; however, the most acceptable illustration of this term was proposed by 
Norway’s previous Prime Minister and Director-General of the World Health Organization 
(WHO),  Gro Harlem Bruntland, who expressed as “meeting the needs of the present 
without compromising the ability of future generations to meet their own needs” [1].  
Jawahir and Wanigarathne showed that the main aspects of sustainability are focused on 
the environmental, economic, and social directions in order to achieve better requirements 
through effective utilizing of the available resources [1, 2].  




Each sustainable aspect has specific objectives that should be achieved in order to 
create and implement the efficient term of sustainability.  The main objectives of the social 
sustainability are focused on the health improvement, safety, quality of life enhancement, 
and ethics. When looking at the environmental sustainability, cleaner air, water, soil, 
regulations implementation, and eco-balance efficiency support this goal.  With respect to 
the economic sustainability, the main pillars are product and process development, new 
employment, and large-scale new business opportunities [1].   
The concept of sustainable manufacturing can be identified and analyzed through three 
main levels which are product, process, and system levels. The interaction among the three 
levels provide the required sustainable target. In regards to the product level, the 
perspective of sustainable manufacturing focuses on the new 6R approach (i.e. reduce, 
reuse, recover, redesign, remanufacture, recycle) instead of the 3R approach (i.e. reduce, 
reuse, recycle) of green manufacturing, as it theoretically achieves a closed loop and 
multiple life-cycle paradigms [3-5].  At the process level, reducing energy consumption, 
hazards, and toxic wastes can be accomplished through using an optimized technological 
process associated with an effective process planning methodology, while using an 
efficient supply chain system considering all life-cycle stages (i.e. pre-manufacturing, 
manufacturing, use and post-use) can provide a promising sustainable system level [3, 6, 
7].  The expectations of a sustainable manufacturing process can be concluded as following 
[1, 2, 4]: 
- Energy consumption reduction. 
- Waste elimination/reduction. 
- Product durability improvement. 
- Health hazards and toxic dispersion elimination (health conditions improvements). 
- Higher quality of manufacturing.  
- Recycling, reuse, and remanufacturing enhancement. 
- Development of renewable energy sustainable resources. 




Five major elements are implemented for the assessment of sustainable machining 
process (ProcSI) as following [8]: 
- Energy consumption: as a result of the global impact of energy production and 
consumption, this element is considered as an effective part of any manufacturing 
process assessment.  Energy consumption includes manufacturing operation/process, 
coolant pumps consumption, production supporting facilities, in-plant transportation, 
etc. 
- Machining costs: during the manufacturing process, this element focuses on direct 
and indirect costs for capital, environment, and society related factors. It has a high 
potential effect to ensure the economic soundness and technological validity. 
- Waste management: achieving zero waste and no emissions is the main target of 
this element which is extremely difficult to achieve. The effort related to this element 
is focused on the generation and post-treatment of all waste produced during and after 
production activities, and achieving a closed-loop material flow with minimal waste 
and emissions. 
- Personal health and operational safety: it covers the direct working environment 
which affects the individual's shop floor and supervisory personnel’ health with the 
immediate and long-term impacts of the manufacturing processes.  It involves standard 
industrial and governmental regulations (e.g., EPA, OSHA and NIOSH), established 
personnel’s health records, and historic data. 
- Environmental impact: its main concerns focus on resource consumption, 
emissions, and waste disposal.  There is no universal benchmarking method established 
for measuring this element.  Thus, analysis and comparison would be feasible only 
among similar processes. 




Various studies have been performed to investigate, develop, model and optimize 
efficient energy systems in order to minimize the energy consumption during machining 
processes. One of the major sustainable machining concerns is using of cutting fluid as it 
has a significant impact on the machining quality characteristics, and it is one of the cost 
contributors.  Furthermore, the cutting fluid usage has a social and environmental impact 
(e.g. shop floor personnel’s health effects) [8]. Major advances in the lubrication and 
cooling techniques have been presented throughout the literature such as near dry 
machining (NDM), minimum quantity lubrication (MQL), cryogenic cooling, high-
pressure coolant (HPC), compressed air cooling, and nano-cutting fluid lubrication (NCFL) 
[9-11].   
Several studies focused on machining difficult-to-cut materials as they are associated 
with low productivity and high machining cost due to the excessive heat generation, 
difficulties in chip formation, and heat dissipation at the cutting zone in the presence of 
high material hardness and strength. The main problems associated with machining 
difficult-to-cut materials are short tool life and poor surface integrity.  However, despite 
the above-mentioned issues, these materials have superior characteristics such as high 
strength to weight ratio, corrosion resistance, temperature resistance, chemical stability that 
make them a material of choice in aerospace, automotive, oil and gas, and biomedical 
industries.  Examples of difficult-to-cut materials include titanium alloys, nickel-based 
alloys, structural ceramics, composites, polymers and magnesium alloys [12-15]. As a 
result, machining difficult-to-cut materials should be thoroughly studied from a 
sustainability point of view to achieve the most feasible cutting strategy. 
1.2. Research Scope and Objectives 
The current work focuses on the improvement of quality characteristics (e.g., tool 
wear, surface quality) when machining titanium and nickel-based alloys. 




  Several properties make titanium and its alloy the primary candidate to attain weight 
and functional advantages because of its promising properties (e.g., high strength to weight 
ratio, high corrosion resistivity, high yield stress, high wear resistance, and high toughness) 
[16]. A comparative study among Ti-6Al-4V, high-strength steel (34CrMo4), high-strength 
aluminum alloy (AlZnMg-Al7075), and high strength magnesium alloy (AZ80) has been 
presented in terms of their properties and applications.  Ti-6Al-4V showed a significant 
advantage when structural components are designed for higher strength or fatigue strength 
[17]. Although titanium alloys have superior properties, some inherent characteristics such 
as high chemical reactivity and low thermal conductivity lead to poor machinability and 
result in premature tool failure and shortened tool life.  Furthermore, other major issues 
associated with machining of titanium alloys include generation of high mechanical 
pressure, high dynamic loads, high cutting temperature, and tendency to adhesion and 
forming built up edge [12, 18]. In view of their potential market, lots of large companies 
(e.g., Rolls Royce) present different studies to develop appropriate techniques for 
machining titanium alloys in order to minimize machining cost, achieve excellent surface 
quality, and achieve reasonable production rates by considering the unique characteristics 
of titanium alloys and developing new sustainable energy systems [12, 19]. 
Nickel based alloys have also superior mechanical, thermal, and chemical properties 
(e.g., hot strength and hot hardness, high creep resistance, and chemical stability at elevated 
temperatures). Furthermore, nickel alloys have unique properties such as high erosion 
resistivity, high thermal fatigue resistivity, high melting temperature, and resistance to 
thermal shock.  During machining of nickel-based alloys, the heat generated can’t be 
dispersed through the workpiece and chips because of its very low heat conductivity and 
high generated temperature, creating undesirable forces during the cutting process. It has 
been shown that the increase in the cutting temperature over 650○C leads to low surface 
quality, excessive tool wear, altering the microstructure, micro cracks and micro-hardness 
variations, high hardness and non-sufficient machinability in general [20, 21]. Another 
mechanical property in some nickel-based alloys (e.g. Inconel 718, Hastelloy, Nimonic) is 
the strain hardening due to the presence of molybdenum and niobium in the material.   




Generally, it has been shown that nickel based alloys machining is associated with poor 
surface and subsurface quality, short tool life, low cutting speeds and high machining costs. 
Nickel-based alloys can be categorized as hard-to-cut materials due to the following 
reasons [22-24]: 
- High strain hardening, hot strength, hardness, shear strength, and cutting forces.  
- Low thermal conductivity.  
- Formation of built-up edge.  
- Hard carbide particles presence in the microstructure which leads to abrasive wear. 
- Small tool–chip contact area which leads to high mechanical and thermal 
properties.  
- High chemical reactivity with cutting tool materials. 
In terms of the cutting fluid usage, the main functions are cooling at high cutting 
speeds and lubricating at low speeds. Flood cooling is a typical cooling strategy used in 
industry to reduce the high temperature generated during machining nickel and titanium 
alloys. However, the use of flood coolant has raised environmental and health concerns 
which call for different alternatives. Thus, proposing new environmental cooling and 
lubricant systems is highly required specially to improve the cutting quality characteristics 
and achieve a sustainable machining system. It was investigated that minimum quantity 
lubrication (MQL) provides an economically applied amount to the cutting zones.  Most 
studies consider MQL as an effective method rather than the conventional flood cooling. 
MQL has been successfully introduced as an acceptable coolant strategy; however, its 
potential to dissipate heat is much lower than the one achieved using flood coolant. In this 
study, the important key to improve the cooling and lubrication performance of MQL 
system is using special cutting fluids such as nano-cutting fluids which could improve the 
wettability characteristics of the base fluid [25, 26].   




MQL-nano-cutting fluid is one of the suggested techniques to further improve the 
performance of MQL particularly when machining difficult-to-cut materials. Nano-cutting 
fluids have shown promising effects on the cutting performance characteristics through 
different cutting operations such as turning, milling and grinding as has been presented in 
some previous studies [27-32]. One of the nano-additives which have superior properties 
is carbon nano-tubes (CNTs). CNTs have diameters ranging from a few nanometers to 
hundreds of nanometers and their lengths vary from tens of nanometers to several 
centimeters. They have superior mechanical properties; Young’s modulus is over 1 TPa 
and tensile strength is estimated to be 10 – 60 GPa, which makes them ideal for applications 
like reinforced composites and Nano Electro Mechanical Systems (NEMS).   
Furthermore, the carbon nano-tubes show superior thermal properties such as thermal 
conductivity over 2000 W/m K for single-walled carbon nanotubes (SWCNTs) and about 
3000 W/m K for multi-walled carbon nanotubes (MWCNTs) [33-35]. In addition, CNT's 
surface area to volume ratio is much larger in million times than micro-particles. This 
property enhanced flow, heat transfer and other characteristics; for example, the heat 
convection is predicted to be as high as 6,000 (W/m K) at room temperature. 
The application of titanium and nickel-based alloys can be further spread through 
providing new techniques to decrease the problems associated with its machining process.  
The focus of this work is mainly to understand and investigate the effects of dispersed 
multi-wall carbon nanotubes (MWCNTs) into the conventional fluid (vegetable oil) under 
minimum quantity lubrication (MQL) technique during turning of Ti-6Al-4V titanium 
alloy and Inconel 718. Cutting tests are carried out to study the generated power 
consumption, tool wear behavior, chip morphology, and surface quality. The following 
specific objectives will be discussed in this work: 




- Performing bar turning experiments for both Ti-6Al-4V titanium alloy and Inconel 
718 using dispersed multi-wall carbon nanotubes (MWCNT) in the base oil (nano-
cutting fluid) under (MQL) technique.  The input process parameters are cutting speed, 
feed rate, and percentage of added MWCNT (%wt.). Standard Taguchi orthogonal 
array (L9OA) is applied to study the entire design parameters space through performing 
the experimental trials. 
- Employing analysis of variance (ANOVA) in order to analyze the influence of the 
design parameters on the measured machining quality characteristics which are the 
average surface roughness, energy consumption, and flank tool wear.  This objective 
includes determining the significant design parameters for each measured response, 
selecting an optimal level for each significant parameter, and verifying the 
improvement of quality characteristics using the optimal level of design parameters. 
- Building mathematical models for the measured average surface roughness, energy 
consumption, and flank tool wear (VB) as a function of the significant process 
parameters using Response Surface Methodology (RSM).  Validation of mathematical 
models will be provided through this step by comparing the measured and predicted 
values of previously measured machining quality characteristics. 
- Analyzing the cutting tool wear modes and their associated wear mechanisms. The 
role of dispersed MWCNTs into the base oil can be clearly investigated throughout this 
objective and can also be correlated with other characteristics such as the generated 
cutting forces; 
- Examining the chip morphology in terms of chip thickness, shape, and color in 
order to provide details about the effects of the proposed nano-fluid with MQL on the 
chip-tool interface temperature; 
- Comparing the machining quality characteristics results when using MWCNTs 
nano-fluid with another nano-cutting fluid (i.e., aluminum oxide nano-particles; 
Al2O3); 




- Studying and analyzing the nano-cutting fluid tribological and heat transfer 
mechanisms through conducting a comparative performance analysis between 
MWCNTs and Al2O3 nano-cutting fluids (i.e., nano-tubes vs. nano-particles); 
- Developing an integrated finite element model to analyze various unique aspects of 
the studied cutting processes, including the resultant nano-cutting fluid heat transfer 
characteristics, the interactions between the cutting tool and workpiece, the generated 
cutting temperature at cutting zones, and the resulting residual stresses; 
- Developing a general assessment model for machining processes using five major 
sustainable indicators (i.e., energy consumption, machining costs, waste management, 
personal health and operational safety, environmental impact) in order to express the 
overall sustainability assessment index; 
- Implementing the proposed assessment model into the studied cases (i.e., turning 
Ti-6Al-4V and Inconel 718 alloys using MWCNT and Al2O3 nano-cutting fluids under 
using MQL). 
1.3. Thesis Outline 
This thesis consists of ten chapters. The first chapter presents an introduction which 
provides the study motivation, scope, and objectives.  Chapter 2 contains a literature survey 
of publications which are related to sustainable manufacturing/machining concepts and 
problems related to the machining of difficult-to-cut materials. A literature review of the 
research progress in nano-cutting fluids technology is discussed in chapter 3.  
Chapter 4 presents the experimental setup. This includes the selection of the measured 
cutting responses and their measured techniques, the independent process parameters and 
their levels, the properties for the used alloys (e.g. mechanical and thermal properties, and 
chemical compositions), CNC machine setup, MQL setup, preparation and characterization 
of the nano-cutting fluids, and the plan of cutting experimentation.  




Modeling and optimization of the cutting processes characteristics (i.e., flank wear, 
surface roughness, energy consumption, cutting tool wear modes/mechanisms and chip 
morphology examination) when using MQL-nano-fluids for cutting Ti-6Al-4V and Inconel 
718 are presented and discussed in Chapters 5 and 6, respectively. Moreover, the nano-
cutting fluid tribological and heat transfer mechanisms for both MWCNTs and Al2O3 nano-
cutting fluids are presented and discussed throughout Chapter 7. 
Chapter 8 presents the developed integrated finite element model of the studied cutting 
processes when using MQL-nano-fluids. The proposed assessment algorithm of 
sustainable machining processes is developed, discussed, and verified in Chapter 9. The 
implementation of the proposed assessment model into the studied cutting processes is also 
provided and discussed in Chapter 9. Finally, the conclusions of the thesis findings and the 










Chapter 2 Difficult-to-Cut Materials and 
Machining Sustainability 
2.1. Preamble 
This chapter presents a literature survey of reported machining studies of difficult-to-
cut materials. It showed the problems associated with machining difficult-to-cut materials 
(e.g., Ti-6Al-4V, and Inconel 718). It also provides an overview about the sustainability of 
machining processes. There is a significant technological advancement in order to achieve 
better machining performance and sustainable machining systems; however, major 
problems associated with machining of difficult-to-cut materials still exist.  Thus, several 
studies are focused on the cutting processes development through achieving energy 
consumption reduction with health condition improvements. In this chapter, the most 
significant publications in the field of lubrication and cooling techniques from the 
sustainability perspective are presented. Also, the achievements of researchers in the 








2.2. Machining of Difficult-to-Cut Materials 
In this section, a review to illustrate the characteristics of difficult-to-cut materials 
is provided and analyzed, especially for titanium and nickel-based alloys. The Difficult-
to-cut materials can be categorized into three types; non-homogeneous materials, hard 
materials, and ductile materials as shown in Figure 2-1. Difficult-to-cut materials have 
been widely employed in many engineering applications, including automotive and 
aeronautical designs because of their effective properties including high strength-to-
weight ratio and better capability to resist the induced corrosion [1]. However, other 
characteristics; for example, high hardness and low thermal conductivity has negatively 
affected the induced surface quality and tool life, and consequently the overall 
machinability of such materials. An understanding of the influence of different 
machining design variables (e.g. cutting velocity, tool geometry, coolant strategy, feed 
rate, depth of cut), has a significant role in improving machinability, productivity, and 
reducing the total machining cost. Several studies have been conducted with an aim to 
specify the optimal machining variables and select the better coolant strategy as 
machining of hard-to-cut materials is still facing different problems particularly, 
ceramics, titanium alloys, polymers, nickel-based alloys, composite based materials, and 
hardened steels [12-15]. 
Figure 2-1  Difficult to machine materials classification [1] 




In spite of improving the service life of the components using advances in the 
metallurgy of engineering alloys, a lot of difficulties are still facing the components 
developments throughout their machinability behavior [12]. High hardness, low thermal 
conductivity, and high strength are considered as the main properties of hard-to-machine 
materials. Different associated problems can be taken place due to these properties.  For 
example, short tool life, poor surface quality, and low productivity are among noted 
problems.   
Also, polymers and low carbon steels are among the difficult-to-cut materials as they 
exhibit high elongation percentage and ductility. Their problems are mainly related to the 
geometrical accuracy, surface quality, and chip formation. 
 Composites materials are positioned in a different category as they are made of a 
combination of a different material with different properties which result in achieving non-
chemically combined and non-homogenous materials. Thus, dealing with the resultant 
material characteristics is a difficult aspect in terms of the cutting parameters requirements 
[12, 36, 37]. 
2.2.1. Titanium Alloys Machinability 
Titanium alloys have potential industrial applications (e.g., automotive, aerospace) 
due to their superior mechanical, physical, and chemical properties such as high yield 
strength, high strength to weight ratio, high toughness, very high creep and corrosion 
resistivity, and high wear resistance [16]. Furthermore, titanium and its alloys have other 
potential properties such as maintaining their hardness and strength at very high 
temperatures [38]. Despite all these favorable characteristics, titanium is categorized as a 
difficult-to-cut material due to the high stresses and high cutting temperature generated 
during the cutting process. During machining titanium alloys, the generated heat is 
dissipated through the cutting tool and cooling media because of low thermal conductivity 
of the workpiece.  




Conventional cooling methods except flood coolant (i.e. non-sustainable approach) 
are not effective when machining titanium and its alloys as the coolant cannot penetrate 
into the cutting zone and tool-chip interface. As a result, most of the cutting tool materials 
suffer from the thermal softening because titanium alloys maintain their strength even at 
high cutting temperatures. This reflects on several cutting difficulties associated to titanium 
alloys. Moreover, the resultant chip shape when machining titanium is serrated or saw-
tooth which is formed due to the localized adiabatic shear that exists in the primary shear 
zone because of the high chip–tool interface temperature and dynamic shear strength of 
titanium alloys.  
The titanium alloys have been classified as difficult-to-cut materials because of the 
following [12]:  
- Low thermal conductivity and elastic modulus  
- High thermal capacity, strain hardening, and chemical reactivity with cutting tool 
materials  
- Tendency to adhesion to the cutting tool and form built-up edge  
- High dynamic shear strength 
2.2.2. Nickel-based Alloys Machinability 
Nickel –based alloys have superior mechanical, thermal, and chemical properties such 
as hot strength and hardness, high-temperature resistance, high creep resistance, and 
maintaining chemical and mechanical properties at elevated temperatures. In spite of these 
properties, the machining of nickel-based alloys has a lot of difficulties because of its very 
low heat conductivity, high generated temperature, and forces which are produced during 
the cutting process. Furthermore, the poor quality of the machined surface and cutting tool 
life are the most important considerations during machining nickel-based alloys in order to 
govern its machinability. The chip–tool welding, work-hardened layer, and attrition wear 
are the main causes of generating notching at the depth of cut region.   




Another important consideration which affects the tool wear rate during machining 
nickel-based alloys is the presence of different atmospheres. It can be shown that presence 
of oxygen can provide a reduction in the generated notching while severe effects can be 
noticed in presence of argon of nitrogen [39, 40]. 
In terms of wear behavior and tool life, mechanical and thermal fatigue, abrasion wear 
and diffusion usually take place when machining nickel-based alloys, and that could cause 
sever flank wear and chipping. Regarding the cooling techniques during machining nickel 
based alloys, the high-pressure coolant plays an important role in decreasing the cutting 
area overall temperature, improving the chip segmentation, and reducing the induced 
fatigue generated from the cutting tool and hot chip contact.  In spite of the previous 
advantages, the high-pressure coolant increases the cutting edge stresses because of its 
significant reduction in the chip–tool contact length/area.   
In addition, the major sufficient cutting tools for machining nickel based alloys are 
CBN tools, modern ceramic cutting tools (e.g. sialon, SiC whisker-reinforced alumina 
ceramics), and multi-layer coated carbide tools; however, CBN tools are commanly used 
in comparison with other mentioned cutting tools.  Furthermore, a lot of studies have been 
focused on using coated cemented carbide cutting tool materials which are considered as a 
suitable recommendation for cutting nickel-based alloys [39]. 
2.2.3. Machining Considerations of Titanium and Nickel-based Alloys 
In order to accomplish economical machining of titanium and nickel-based alloys, 
some practical considerations and guidelines have been suggested. Regarding material 
hardness, it is recommended that the machining process take places under solution treated 
condition (i.e., the softest state possible) until it is near to be dimensionally finished.  After 
that, age hardening process is required before final finishing passes in order to eliminate 
the heat treatment distortion and achieve the desired surface roughness.  In terms of cutting 
tool geometry, positive rake geometry has been recommended in order to minimize the 
work hardening of the induced surface because of shearing the chip away from the 
workpiece. Additionally, improving the surface finish and preventing the material build-
up can be achieved by employing light hones or even sharp insert edges.   




Furthermore, reinforcing the cutting edge, preventing localized damage, and 
decreasing the force at any one point have been obtained during using a large nose radius. 
Also, the modern CNC programming has the capability to achieve a continuous shifting of 
the tool–workpiece contact length/area (ramping), and therefore, the tool wear distribution 
over large cutting edge region can be noticed, and it could result in reducing the cutting 
tool notching.  Some of the practical guidelines for machining titanium and nickel-based 
alloys are provided as shown in Table 2-1. Other recommendations to improve the 
machinability of titanium and nickel alloys have been given and discussed through the 
literature such as using high coolant supply, use of self-propelled rotary tooling (SPRT) 
technique, cryogenic machining, and employing nano-additives to improve the wet-ability 
characteristics of the base cutting oil [20, 41, 42]. 
Table 2-1  Practical guides and considerations for machining titanium and nickel-based alloys 
[20] 
Machining titanium and nickel-based alloys 
1. Machine alloys in the softest state possible 
2. Use a positive rake insert 
3. Use relatively sharp edges 
4. Use a rigid set-up 
5. Avoid part deflection 
6. Use a high lead angle 
7. Vary the depth of cut through applying different number of passes 





2.3. Sustainable Machining Processes 
The evolution of sustainable manufacturing is provided in Figure 2-2. It can be seen 
that sustainable manufacturing evolves through several generations, namely; traditional 
manufacturing, lean manufacturing, green manufacturing and in its most developed phase 
sustainable manufacturing [11]. 
 
Figure 2-2  Sustainable manufacturing evolutions [11] 
The 6R approach adds 3 new elements to modify the classic approach (3R); these 
elements are recover, redesign and remanufacture. The recover stage deals with collecting 
end-of-life products through post-use activities. On the other hand, the redesign element 
provides a sufficient environmental consideration by simplifying the future post-use 
processes, while the product performance can be improved through the remanufacture 
element since it works on saving natural resources, energy, and cost and reducing the 
generated wastes [1, 2].   




One of the most important aspects of building and enhancing the sustainable 
manufacturing system is obtaining some basic keys for implementation.  Through different 
studies [4, 43, 44], it is investigated that implementation of the sustainable model is 
addressed by three major phases as following: 
- Research: in order to develop, evaluate and examine the specific sustainability 
requirements such as energy and resource use, pollution and climate change impacts. 
This phase of the model has a high potential as it helps to ensure the sustainability at 
the pre-competitive level and focuses on the manufacturing environmental issues. 
- Development: using appropriate methods and tools to improve the environmental 
performance such as environmental footprint assessment, life cycle analysis, and 
design for environment. 
- Commercialization: in order to refine the previous phases and co-operate with 
suppliers, vendors, and customers. 
2.3.1. Environmental and Health Considerations of Machining Processes 
Six major elements are usually used in order to obtain the main blocks of a machining 
system.  These blocks are given as follows [45]:  
- Material production  
- Tool preparation  
- Machine tool construction  
- Material removal  
- Cutting fluid preparation  
- Cleaning  




Identification of the major elements of a machining system is essential to address and 
provide a detailed assessment of energy investigation and materials flows. Several research 
works have studied the environmental impacts of the machining process. These studies 
presented several analytical models in order to utilize the application of cutting fluids by 
studying the chip formation effects, tool life behavior, and generated wastes [46].  A more 
quantitative analysis model for investigation the environmental impacts has been presented 
to obtain the effects of the amount of cutting fluids, the number of cutting tools, and the 
amount of chip produced on the electricity consumption of the machine tool [47]. Different 
studies have focused on providing an assessment of metalworking fluids utilization. It has 
been noticed that the direct contact between the metalworking fluids with chip and cutting 
tool makes it more prone to be contaminated, so filtration, disposal, or replacing are the 
main available solutions. Furthermore, the cost of disposal of cutting fluids is very 
expensive due to the environmental regulations, so more common techniques have been 
developed to recycle the used cutting fluids [45].  
It has been approximated that 16% of the total manufacturing costs are associated with 
cutting fluids, while about 20% to 30% can be consumed in machining difficult-to-cut 
materials, while 2% to 4% of the total manufacturing costs are consumed in the tooling 
setup costs [48-50]. The previous results indicate that more attention must be paid in order 
to develop and optimize the cutting fluid systems. It can be concluded from several 
environmental and health concerns associated with production that the main source of 
environmental issues of machining processes is related to the application of cutting fluids. 
Also, it has been reported in the open literature that increasing the risk of various types of 
cancer such as prostate and colon can be observed, especially for those whom are exposed 
to cutting fluids in the automotive sector. The main reasons behind these risks are airborne 
particles of cutting fluid and the cutting fluid aerosols effects. Thus, more studies have 
focused on eliminating the cutting fluids usage (e.g. dry machining), and others are focused 
on optimizing the use of cutting fluids to achieve environmentally-friendly cutting fluids 
(e.g. minimum quantity lubrication) [48-51]. In the next section, modern environmentally 
conscious machining technologies are presented and discussed. In addition, several studies 
which employed these environmentally conscious technologies during cutting titanium 
alloys are obtained and discussed. 




2.3.2. Modern Environmentally Conscious Machining Technologies 
As previously mentioned, different economic, environmental, and health problems 
may occur due to the improper use of cutting fluids during cutting operations.  Eliminating 
cutting fluids have already been considered in dry cutting techniques; however, the dry 
cutting technique has shown problems associated with excessive tool wear and poor surface 
quality [49]. Furthermore, cryogenic coolant is considered as another alternative for 
enhancing the machinability and dissipating the generated heat from the cutting zone as it 
affects the properties of the cutting tool and workpiece using a super cold medium with 
liquefied gasses with a temperature lower than 120oK (e.g. Liquid nitrogen:LN2) [12]. 
Different achievements and issues related to the environmentally conscious machining 
technologies performance are summarized in Table 2-2.  Flood cooling is a typical cooling 
strategy used in industry to reduce the high temperature generated during machining nickel 
and titanium alloys. The use of flood coolant has raised environmental and health concerns 
which call for different alternatives. Thus, proposing new environmental cooling and 
lubricant systems is highly required specially to improve the cutting quality characteristics 
and achieve a sustainable machining system. Several environmentally conscious cooling 
and lubrication technologies during machining processes have been presented such as; dry 
cutting, minimum quantity lubrication (MQL), and cryogenic technology. Eliminating the 
cutting fluids usage can be performed using dry cutting techniques; however, dry cutting 
techniques are associated with some machining difficulties such as excessive tool wear and 
poor surface quality [49]. Another conscious technology has been investigated in order to 
improve the machinability known as MQL and the resulting mist is sprayed directly into 
the working zone using an optimal amount of cutting fluid with compressed air [52, 53] 
;however, the excessive heat generation problem hasn’t been completely solved. Also, 
several techniques have been discussed through the open literature to improve the 
machinability of difficult-to-cut materials [54].  For example, a previous work [55] used a 
typical rotary tool in tube-end machining to reduce the induced tool wear as only a short 
segment of cutting edge is engaged with the workpiece. Consequently, the proposed 
technique could significantly enhance the frictional behavior. 




Proposing new nano-cutting fluids can contribute in facing the heat dissipation 
challenge during cutting processes as it offers a higher observed thermal conductivity value 
in comparison with the base lubricants.  Additionally, it is shown that nano-cutting fluids 
have superior cooling properties due to their good heat extraction capabilities [56, 57]. A 
nano-fluid can be defined as a new fluid that results from the dispersion of 
metallic/nonmetallic nanoparticles or nanofibers with a certain size less than 100 nm into 
the base cutting fluid [58]. The nano-cutting fluids have shown promising results in 
improving the base cutting fluid properties; however, these improvements can’t be clearly 
observed without applying an adequate dispersion technique. These improvements are 
mainly on the thermal, tribological, and rheological properties. Several studies [27, 59, 60] 
have focused on using nano-cutting fluids and their effects on the cutting performance 
characteristics, and promising results have been revealed particularly in reducing the tool 
wear and cutting forces. MWCNTs and Al2O3 nano-additives are among the nano-additives 
that have superior thermal, mechanical and tribological properties [61]; however, only a 
few studies have investigated their effects on different machining operations. 
2.4. Summary 
Providing environmentally friendly conditions and optimizing the energy 
consumption are two essential requirements in order to achieve sustainable machining 
processes. One of the major sustainable machining concerns is the implementation of 
cutting fluids due to its significant impact on the machining quality characteristics.  In 
addition, several economic, environmental, and health problems are taken place due to the 
inappropriate application of cutting fluids; therefore, several studies have already been 
published in the open literature to introduce advanced cutting fluids techniques in order to 
optimize the cutting fluids performance during machining.  
However, there is still a lot of rooms for improvement, especially in machining 
difficult-to-cut materials that have not been yet addressed and need to be improved. These 
materials have superior characteristics such as high strength to weight ratio, corrosion 
resistance, temperature resistance and chemical stability that make them a material of 
choice in aerospace, automotive, oil and gas, and biomedical industries.  




Despite their desired features, the wide spread applications of these materials has been 
compromised by several difficulties that arise during their machining. One of the 
techniques to protect the cutting tool during machining difficult-to-cut materials is the 
application of nano-cutting fluids technology. The characterization of nano-fluid 
technology will be discussed in Chapter 3.  
 





Table 2-2  Achievements and problems associated with MQL, cryogenic cutting, and dry cutting 
MQL Cryogenic cutting Dry cutting 
Achievements Problems Achievements Problems Achievements Problems 
Providing low volume and low-
pressure lubrication through a system 
consists of air compressor, gas based 
coolant lubricants (CLs) container, 
tunings, flow control system and spray 
nozzles [12, 52].  
 
Using of cutting fluid (10–100 ml/h) 
mixed with compressed air results in 
lower friction coefficient with (CLs) 
evaporation. It can be obtained that no 
needs for disposal of the cutting fluid, 
maintenance, and any required cost [9, 
62]. 
 
Ability to increase the tool life up to 8 
times in drilling aluminum alloys [49]. 
 
40% tool wear reduction in 
comparison with other traditional 
techniques through milling of A380 
wrought aluminum has been observed 
[(0.06 ml/h) of biodegradable oil+ 
compressed air] [63]. 
 
Cutting forces reduction has been 
investigated during machining AISI 
1045 in comparison with the dry 
cutting [12] 
 
MQL advantages have been presented 
such as; reduction of cutting fluids 
use, improve the tool life and 
performance of the process [51, 64] 
 
 
There are not significant 
effects on the cutting zone 
temperature during machining 
AISI 1045 steel because of the 
coolant penetration position 
[12] 
 
MQL has limitations in 
machining of difficult-to- 
machine materials such as 
titanium and nickel-based 
alloys where excessive heat 
generation exists. The reason 
behind that the poor cooling 
capability of MQL system 
because it is considered as a 
lubricating method rather than 
cooling [65] 
 
General MQL disadvantages 
have been presented such as; 
usage of toxic cutting fluids, 




Reduction of cutting zone 
temperature using a super cold 
medium with liquefied gasses 
(lower than 120oK) through 
directed into the cutting zone 
[12] 
 
Usage of non-hazardous 
gasses (e.g., nitrogen, helium) 
provides an environmentally 
sustainable system [51, 66] 
 
As a result of lowering the 
temperature, an increase of 
strength and hardness for 
workpiece or tool has been 
investigated [12] 
 
Reductions of chip–tool 
interface temperature, 
chemical reactivity, and 
diffusion wear have been 
noticed through spraying 
cryogenic coolant at the 
cutting zone [67-69] 
 
77% and 66% reduction in 
crater and flank wear have 
been observed through 
applyingLN2 as a coolant in 
turning Ti–6Al–4Valloy [70] 
 
Cryogenic machining  has 
presented some advantages 
such as; better surface quality 
and tool life [51] 
 
 
Usage of liquid carbon 
dioxide could reduce 
the workplace safety as 
it could cause oxygen 
deficiency problems 
because of CO2 
accumulation [51, 66] 
 
Heavy investment and 
installation of new 
equipment are still 
required [51] 
Eliminating cutting 
fluids usage completely 
has been presented 
under using dry cutting 
techniques, and it 
results in reduction of 
the machining costs 
and ecological hazards 
[49, 71] 
 
Lower thermal shock 
and tool life 
improvement can be 
accomplished through 
dry machining [12] 
 
Decreasing of coolants 
cost, leakage flow and 
achieving 
environmental 
sustainable systems can 
be observed through 
using dry cutting 
techniques [72] 
Dry cutting has some 
problems which 
associated with 
excessive tool wear and 
poor surface quality 
[12]. 
 
During end milling of 
Titanium alloy, with 
uncoated carbide tools, 
brittle fracture of the 
cutting edge and 
localized flank wear 
have been observed in 
term of tool failure 
modes [22] 
 
During end milling of 
Inconel 718, high local 
temperature at the 
cutting zone has been 
observed and it results 
in formation of BUE on 
the flank face [73]. 
Also, more expenses 
are required for 
introducing better tool 
materials, coatings or 
tool geometries to 
compensate the effects 
of the cutting fluids 
elimination [12].  
 
An Indirect cooling 
system of the cutting 
tool/ W.P using heat 
pipes may be required 
to enhance the heat 
conduction [74] 




Chapter 3 Nano-Cutting Fluids Technology 
3.1. Preamble 
Increasing the heat dissipation area is an essential requirement during the cutting 
processes as it offers effective results in terms of tool life, energy consumption, and 
production rates. The conventional technique for increasing the heat dissipation for several 
industrial applications has focused on increasing the heat exchanging area; however, it 
associates with a problem of the thermal management system size [58].  Thus, proposing 
new environmental cooling and lubrication systems is highly required specially to improve 
the cutting quality characteristics. Several environmentally conscious cooling/lubrication 
technologies during machining processes have been presented in the open literature (e.g. 
dry cutting, minimum quantity lubrication (MQL), and cryogenic technology). Eliminating 
the cutting fluids usage can be performed using dry cutting techniques; however, dry 
cutting techniques are associated with some machining difficulties (i.e., the excessive tool 
wear and poor surface quality) [49]. Previous studies investigated another conscious 
technology in order to improve the machinability of difficult-to-cut materials, known as 
minimum quantity lubricant (MQL), and it could be penetrated into the cutting zone using 
an optimal amount of cutting fluid with compressed air [52].  




Furthermore, the cryogenic technique is considered as another effective alternative for 
enhancing the machinability and dissipating the generated heat at the cutting zone as it 
affects the properties of the cutting tool as well as the workpiece using a super cold medium 
of liquefied gasses at a temperature lower than 120oK (e.g. Liquid nitrogen, LN2) [12]. 
Proposing new nano-cutting fluids to face the heat dissipation challenge during the 
cutting processes is encouraged since it offers a highly-observed thermal conductivity 
value in comparison with the base lubricants. Additionally, it has been proven that nano-
cutting fluids are characterized with superior cooling properties due to its good heat 
extraction capabilities [56]. Nano-fluid can be defined as a new fluid result from the 
dispersion of metallic/nonmetallic nano-particles or nano-fibers with a certain size less than 
100 nm into the base cutting fluid [58]. Nano-additives can be categorized into several 
types which are non-metallic, mixing metallic, carbon, and ceramic nano-particles [75]. 
Various advantages of using nano-fluids in different applications have been presented as 
following [76]: 
- The heat transfer surface between particles and fluids is high due to the nano-fluids’ 
high specific surface area; 
- The dispersion stability is high; 
- The power consumption in intensification of pure liquid can be reduced since it can 
offer the desired heat transfer properties; 
- The surface wettability and heat transfer properties can be controlled by changing 
the nano-additives concentrations. 
Examples of several applications that implemented nano-fluid technology in order to 
improve the applications’ thermal, rheological, and stability properties are reported in 
various studies such as cooling of electronics, engine cooling, solar water heating, cooling 
of welding, engine transmission oil, nuclear systems cooling, and nano-fluids in different 
cutting operations [77-79]. 




This chapter is mainly focused on presenting a comprehensive literature survey of 
publications which are related to techniques of nano-cutting fluids preparation, 
characterization of nano-cutting fluids stability, nano-cutting fluids thermal and 
rheological properties, machining quality characteristics improvements due to employing 
of nano-cutting fluids, and current challenges associated with the nano-fluids 
implementation. 
3.2. Techniques of Nano-Cutting Fluids Preparation 
In order to achieve optimum thermal properties during the preparation of nano-cutting 
fluids, two main factors need to be considered, namely durability and stability. Achieving 
a lower sedimentation velocity of nano-additives is an essential requirement to ensure the 
nano-fluid's stability. The sedimentation velocity varies proportionally to the square of 
nano-additive radius according to the Stokes’ law reported in equation (3.1), where vs is 
the sedimentation velocity, R is the nano-additive radius, µm is the base fluid viscosity, ρp 
is the nano-additive density, and ρm is the base fluid density. However, using a lower 
particle radius leads to decreasing the sedimentation velocity, the surface energy of the 
nano-additives is increased, and that can result in an aggregation of nano-additives. Thus, 
selecting an optimal value of the nano-additive size and performing a homogeneous 
dispersion are highly required in order to avoid both higher sedimentation velocities and 




(ρp − ρm) g 
(3.1) 
 
There are two main techniques for nano-fluids preparation, namely; single step and 
two-step techniques. While the two-step technique refers to manufacturing of nano-
additives using physical vapor deposition with two separate steps, the single step technique 
depends on simultaneously making both of them.  




In regards to the two-step technique, it is more suitable during dispersion of oxide 
particles and carbon nano-tubes and its results showed a great potential for metal-nano-
particles. However, regardless that this technique requires two steps to disperse the nano-
additives into the base fluid, it is more simple than the other technique, which it is 
associated with several problems, such as nano-additives agglomeration. Thus, some 
methods are used to overcome the aforementioned problem using ultrasound and/or high 
shear approaches. Also, it has been observed that the two-step technique can fit more 
volume concentration values higher than 20%  [82, 83].  In terms of the single step 
technique, drying, storage, and transportation of the nano-additives are included, hence, a 
stable and durable Nano-fluid can be achieved as both the nano-additives agglomeration 
and sedimentation are avoided. However, the high observed efficiency of the single step 
technique, in terms of Nano-fluids’ stability and durability, they can’t fit the applications 
with high volume concentration values [84, 85]. 
Nano-additives dispersion into the base fluid is an important consideration that affects 
the thermal conductivity as well as the viscosity of the resultant nano-cutting fluid. 
Dispersion of nano-additives into the base cutting fluid can be performed using an 
ultrasonic machine followed by a stirring stage using a magnetic stirrer to ensure the full 
desperation of nano-additives. Furthermore, the processing time of each step depends on 
the weight fraction (wt. %) of the nano-additives [86, 87]. The Nano-additive weight 
concentration into the base cutting fluid can be determined using equation (3.2). Another 
two alternatives to the dispersion of Nano-additives powder into the base fluid have been 
obtained, namely; chemical precipitation or organic reduction [88]. 
% of weight cocentration =  
 nanoadditive weight




3.3. Characterization of Nano-Cutting Fluids Stability 
Nano-cutting fluids, resulted from the suspension of nano-additives into the base 
cutting fluid, can be expressed using four design parameters as following [11]: 




- Nano-additives: metallic particles, non-metallic particles, and carbon 
tubes/graphene  
- Base fluid: water-based oil, organic liquids, vegetable oil, and polymeric solutions 
- Other additives: surfactants, anti-wear/corrosion additives, and fungicides 
- Scale: percentage of weight/volume concentration   
During the nano-fluid manufacturing process, these design parameters are selected 
based on the required thermal, tribo-chemical, physical, and rheological properties, which 
need to be met in the resultant nano-fluid since the functional requirements for each nano-
fluid type are different. Dispersion of nano-additives into the base fluid is considered a 
difficult challenge due to the strong van der Waals interactions, which result in nano-
additives agglomeration, clogging, and sedimentation. Consequently, using physical or 
chemical treatments, such as surfactants, is recommend in order to achieve powerful forces 
on the clustered nano-additives that ensure a sufficient dispersion and obtain some 
enhancements in thermal conductivity and viscosity [89-91]. Two principles have been 
studied in order to establish a high suspension quality for nano-additives into the base oil, 
namely; diffusion and zeta potential. The former ensures the Nano-additives are well 
scattered and dispersed into the liquid medium. The latter is mainly focused on achieving 
a higher zeta potential value, which produces a repulsive force among the Nano-additives 
[92]. Depending on previous studies [93-99] three main methods have been implemented 
to control and offer a high suspension/stability performance in order to avoid the nano-
additives agglomeration, clogging, and sedimentation, namely:  




- Surfactant: the purpose of using surfactant is modifying the nano-additives to be 
more hydrophilic, and increasing the nano-additives surface charges, hence the 
repulsive forces between the nano-additives are increased [100, 101]. Consequently, 
improving the suspension of Nano-additives into the base fluid. On the other hand, 
selecting the optimal amount of surfactant is an important factor that affects the 
resultant electrostatic repulsion. Another limitation is the difficulty in dealing with 
applications associated with temperature values above 60o Celsius as the repulsive 
forces can be damaged [97]. Various examples of surfactant have been used, e.g. 
Sodium dodecyl Sulfate, dodecyl trimethylammonium bromide, and 
polyvinylpyrrolidone [58]; 
- pH control:  the nano-fluid pH can control the stability and also improve the 
thermal conductivity as it is related to its electro-kinetic properties. Using simple 
chemical treatment techniques cause a conversion for the nano-additives shape, which 
results in higher surface discharge density, electric repulsion force, and zeta potential 
value. Thus, agglomeration, clogging, and sedimentation effects can be decreased and 
high suspension quality of the resultant nano-fluid can be accomplished [101-103]. It 
has been investigated during the dispersion of Al2O3 nano-particles into water as a base 
fluid that the agglomeration size has been decreased at a pH level of 1.7. However, an 
increase of the agglomeration size has been noticed at a pH level of 7.66 [104].  
Furthermore, another study provided the effects of pH on the electrostatic repulsion 
and van der Waals attraction energies (total energy) at different inter-particle distances 
using metal oxide nano-particles. Subsequently, it can be observed that the total energy 
is inversely proportional to pH values at lower levels of inter-particle distances; 
however, no significant effects of pH were observed at higher levels of inter-particle 
distance, as shown in Figure 3-1 [103]; 
 





Figure 3-1  The inter-particle distance versus the total nano-particles energies [90] 
- Ultrasonic vibrations: a technique that aims to break down the agglomerations 
among nano-additives and it revealed promising results in term of the process stability. 
Nevertheless, optimizing the processing time is required as it can lead to fast clogging 
and sedimentation of nano-additives [105]. The ultrasonic disruptor is the most popular 
apparatus used method to disperse the nano-additives into the base fluid. The applied 
mechanisms includes three stages, namely; strong and irregular shock on the system 
wall, micro-bubbles formation, and high flow shear rate, that guarantee process 
stability and decreasing the clogging and agglomeration size [106]. 
Many researchers presented several employed instrumentation techniques in order to 
assess the nano-fluid suspension performance such as sediment photograph capturing 
[107], UV–Vis spectrophotometer [104], transmission electron microscopy, scanning 
electron microscopy, and light scattering [108]; however, the zeta potential analysis and 
analyzing the gathered data are the popular techniques used to check the process stability. 
Table 3-1 shows the suspension stability at different zeta potential levels [109]. 
 
 




Table 3-1  The suspension stability at different zeta potential levels 
Z potential absolute value Stability Status 
0 Little or no stability 
15 Some stability but settling lightly 
30 Moderate stability 
45 Good stability, possible settling 
60 Very good stability, little settling likely 
 
3.4. The Thermal and Rheological Nano-Cutting Fluid Properties 
The Nano-cutting fluids have shown promising results in improving the base cutting 
fluid properties that cannot be clearly observed without applying an adequate dispersion 
technique as previously mentioned. Such improvements are mainly focused on the thermal, 
tribological, and rheological properties. The thermal conductivity is one of the most 
important indications to express the system heat transfer. Regarding the improvements of 
the thermal properties, a previous review study [88] has focused on the thermal 
conductivity enhancements for different nano-particles types, sizes, and volume fraction 
percentages using water as base fluid, whose summary is provided in Table 3-2. The 
summary shows various analytical models to express the nano-fluid thermal conductivity. 
The Maxwell equation [110] shown in equation (3.3) can be used to predict the 
resultant thermal conductivity is (Ke) as a function of the base fluid’s thermal conductivity 
(Km), the nano-additive thermal conductivity (Kp), and the nano-additive volume fraction 
(Ʋp). 
Ke = Km + 3 Ʋp
Kp − Km









Another modified model, equation (3.4) [111] has been obtained to calculate the nano-
fluid thermal conductivity, where ρp, Cp, T, Ƞ, and R stand for the nano-additive density, 
















On the other hand, the transient hot-wire method, called transient line heat source 
method [112, 113], has been alternatively used in various studies to predict the thermal 
conductivity. In addition, through investigating the effective heat transfer ratio (nano-fluid 
heat transfer coefficient/base fluid heat transfer coefficient) for different nano-additives 
types, sizes, and volume fractions [114], the nano-fluids have shown highly favorable 
results to enhance the heat transfer coefficient. Furthermore, two analytical models have 
been developed to predict another heat indicator, known as the specific heat. The first 
model [115], equation (3.5), is based on the nano-additive volume fraction while the other 
model [116] depends on the heat capacity concept. Where Cbf is the base fluid’s specific 
heat and C is the nano-fluid specific heat 




Another effective property, in terms of nano-fluids dynamics, is the viscosity as it is 
an important consideration for the heat transfer applications. Furthermore, the nano-fluids 
rheological behavior can be obtained through investigating its effects [58]. Several 
analytical models have been implemented to calculate the effective nano-fluid viscosity 
ratio (i.e., nano-fluid viscosity/base fluid viscosity) as shown in Table 3-3.  




These models vary depending on the nano-additive volume fraction and the dynamics of 
their interactions [96, 117]. The nano-fluid rheological behavior has been classified into 
four main sections [118]: 
- Nano-fluids of volume fraction values less than 0.1%, and its viscosity associated 
with the Einstein model (without shear thinning); 
- Nano-fluids of volume fraction values between 0.1 and 5% (no obvious shear 
thinning); 
- Nano-fluids of volume fraction values between 5 and 10 % (observed shear 
thinning); 
- Nano-fluids of volume fraction values greater than 10 % (Nano-additives 
interpenetration); 
Table 3-2  The nano-fluid viscosity analytical models 
Model 







1+ Ƞ Ʋp 
At no nano-additives 







1+ Ƞ Ʋp+( Ƞ Ʋp)
2 
Brownian motion & 
interactions of nano-additives 
 
Ward 1+ Ƞ Ʋp+( Ƞ Ʋp)
2+( Ƞ Ʋp)
3 Ʋp is greater than 35% 





Table 3-3  Literature summary of the thermal conductivity enhancements for various nano-fluids (water-based) 





The percentage of thermal 
conductivity improvement % 
[119] Cu 100 7.5 78 
[120] CuO 36 5 60 
[121] MWCNT 100 0.6 38 
[103] CuO 23 9.7 34 
[119] TiO2 10 5 33 
[122] Al2O3 13 4.3 30 
[122] Al2O3 13 4.3 30 
[119] TiO2 15 5  30 
[121] MWCNT 130 0.6 28 
[123] Cu 100 0.1 24 
[124] Cu 100 2.5 22 
[125] Al2O3 36 10 22 
[126] Au 10 0.026 21 
[127] Al2O3 68 5 21 
[127] Al2O3 60.4 5 20 
[103] CuO 23 4.5 17 
[126] Ag 60 0.001 17 
[127] Sic 26 4.2 16 
[103] Al2O3 33 4.3 15 
[125] Al2O3 36 2 15 
[128] CuO 28.6 4 14 
[103] CuO 36 3.4 12 
[103] CuO 23.6 3.5 12 
[89, 100] Al2O3 28 3 12 
[129] Ag 15 0.39 11 
[122] TiO2 27 4.3 10.8 
[103] Al2O3 38.4 4 10 
[130, 131] Al2O3 42 1.59 10 
[128] Al2O3 38.4 4 9 
[132] Al2O3 11 1 9 
[122] TiO2 27 3.25 8.4 
[132] Al2O3 47 4 8 
[119] TiO2 10 0.5 8 
[127] Al2O3 60.4 1.8 7 
[127] MWCNT 15 1 7 





3.5. Improvements of Machining Quality Characteristics 
Several research works have focused on using various nano-cutting fluids and their 
effects on the cutting performance characteristics within different cutting operations (e.g., 
turning, milling and grinding). A recent literature review study has presented a summary 
of the findings obtaining for different nano-additive types and its size, base oil, and cutting 
operation, as reported in Table 3-4. Another summary for the used lubrication/cooling 
system, workpiece materials, and selected machining parameters for the same studies 
provided in the previous table has been presented in Table 3-5 [27].  Recently, other 
researchers have focused on adding multi-walled Carbon Nano-tubes (MWCNTs) into the 
base fluid, where high improvements up to 150% and 200% in the thermal conductivity 
have been reported in comparison with based fluid thermal conductivity [133].  In terms of 
the friction between the cutting tool and workpiece, it has been reported that the addition 
of graphite nano-particles into the conventional lubricant helps in reducing the induced 
friction coefficient. Thus, better workpiece dimensional accuracy, good surface quality, 
and reduction of cutting forces could be achieved [134].  
Additional study has confirmed that increasing the nano-particle concentration and 
decreasing the nano-particles size into the base cutting fluid have critical roles in improving 
the thermal conduction during the cutting processes [135]. Some studies have presented 
promising results in terms of improving the machining quality characteristics when using 
carbon nano-tubes as nano-additives into the conventional cutting fluids. MQL system with 
nano-cutting fluid based on MWCNTs has been applied when turning high Carbon-high 
Chromium AISI D2 using tungsten carbide insert (CNMG 120408). Taguchi method has 
been implemented to study the effects of cutting parameters on the surface finish and 
cutting zone temperature. In comparison with the MQL technique based on conventional 
cutting fluid, promising results have been observed by the proposed technique (MQL-
Nano-fluid) [86].  




Table 3-4  Literature summary for investigation of nano-cutting fluid effects on different machining operations (part I) 











The lowest friction coefficient is obtained at 0.1 wt. 








322 mineral oil 
 
Milling 
The proposed technique can reduce the cutting 












Highest carbon onion concentration (1.5 wt. %) 














0.5 wt. % MoS2 has shown best surface and surface 
quality deteriorated because MoS2 concentration 













0.2% SiO2 produced thin protective film and 














0.2 wt. % SiO2, high air pressure, and 60o nozzle 
angle showed minimum cutting force. 1 wt. % SiO2, 
2 bar air pressure, and 30o nozzle angle have given 













1 wt. % MoS2, 4 bar air pressure and 30o nozzle 
angle showed minimum cutting force. 0.5 wt. % 
MoS2, 4 bar air pressure, and 60o nozzle angle 









and Soybean oil 
 
Grinding 
High MoS2 concentration showed high G-ratio with 











4 wt. % Al2o3 showed best G-ratio while best 













Large size platelets were obtained to be more 
effective than small ones. 1 wt. % graphite platelets 
generated best surface finish quality 
 
 














30 nm size showed smoother surface than 150 nm 
particles. Size did not affect grinding force while 
nano-particle conc. did not have an effect on surface 













Improvement in surface roughness from micro-level 












Al2O3 are more promising than diamond 
nanoparticles due to their lower hardness. 2% Al2O3 


























MoS2 has shown better for steel with soybean oil. 
Regarding cast iron, it showed better results with 
paraffin oil. Lower energy consumption, friction 












8% nano MoS2 showed lower peak temperature.  It 
has observed that lowest has been showed with 
flood cooling.  MoS2 gives lower force-ratio, wheel 












Increasing in both of the flash and fire points of the 












Reduction in grinding temperature, and forces and 












Surface roughness, grinding forces, and temperature 
were reduced using angularly spraying of nano-fluid 













Paraffin with 1% ND and vegetable oil (2% ND) 
showed the lower torque and thrust force. Nano-













0.5% nano-boric acid in coconut oil performed 













Nodal temp was decreased using Up to 2% CNT 
inclusion, but higher than 2%, the change was 
minimal. High CNT % gives lower flank wear 




Table 3-5  Literature summary for investigation of nano-cutting fluid effects on different machining operations (part II) 
Reference 
Cutting speed/wheel speed 
(grinding) 
Feed rate/ workpiece speed 
Depth of cut 
(mm) 






















































































































D-2 tool steel (62 HRC) 
 
MQL 































































Cast Iron 100-70-03 











Cast Iron 100-70-03 
































































AISI 1040 Steel 
 
Supply under atmospheric pressure 

















Another study has investigated the effects of MWCNT/MQL system during the high-
speed milling of AISI 1050 and AISI P21. The results have been compared to dry and wet 
cutting. It has been observed that the MWCNTs/nano-fluid has a significant role in 
reducing the tool wear as well as improving the surface finish because of the excellent heat 
conductivity of MWCNTs nano-fluids [158].  In addition, the high-speed turning of AISI 
4140 steel with a TiN-top coated multilayered carbide insert has been conducted using 
small quantity lubrication (SQL) technology. The use of 3vol. % alumina and 1vo. l% 
MWCNT nano-fluid instead of soluble oil has shown a substantial reduction of the cutting 
forces and tensile residual stresses. Furthermore, enhancement of surface quality has been 
observed due to the improvement in retention of cutting tool edges sharpness [159]. 
Another work has concerned with controlling the friction behavior in the grinding 
processes as the contact between the abrasive grains and workpiece is highly affecting the 
machining quality characteristics such as; the wheel wear and grinding forces. Different 
volume concentrations of Al2O3 and CuO nano-particles have been added to water as a 
base fluid. The grinding process has been performed on Ti-6Al-4V using MQL system. 
The wheel morphology, surface integrity of ground surface, grinding forces, friction 
coefficient, and chip formation have been investigated. The nano-cutting fluid and MQL 
have noticeably reduced the coefficient of friction and tangential forces. Moreover, the 
short C-type chip formation has been observed, hence it could imply a cooling effect of the 
proposed lubrication system [160].   
Another work studied the effects of the dispersed MoS2 nano-particles into vegetable 
oil (i.e. soybean oil) on several machining quality characteristics during grinding of 45 
steel. Various lubrication strategies have been employed (i.e., flood, MQL, and dry 
cutting). It has been observed that the lubrication property can be improved due to the high 
nano-cutting fluid viscosity, and the heat transfer performance can be consequently 
enhanced. On the other hand, the optimal mass concentration for MoS2 nano-particles into 
the base cutting fluid was 6 wt.% since it is an important factor to be selected in order to 
avoid the agglomeration of nano-particles [161].   




Achieving a sustainable machining process is an essential requirement as it offers 
various environmental, societal, and economical advantages, however enhancing the 
machining processes performance is still required besides building a sustainable 
environment. A previous study obtained that using nano-additives with vegetable oil as a 
base cutting fluid with MQL could fulfill the two desired objectives; enhancing the 
machining quality characteristics since the nano-additives improve the friction and thermal 
behavior, and accomplishing a sustainable process as using vegetable oils provides 
effective environmental benefits [162]. Also, a previous study investigated different wear 
mechanisms during end-milling of Aluminum alloy AA6061 under using MQL system and 
water-based TiO2 nano-cutting fluid. The findings have been compared with other 
lubrication techniques (i.e., MQL with conventional cutting fluid, and flood cooling 
technique). The nano-cutting fluid-based method has presented promising results in terms 
of reducing the edge chipping and fracture due to its cooling effects, which lead to decrease 
the cutting zone temperature [163].  
Another work applied Taguchi methodology, neural networks, and fuzzy logic 
techniques to analyze the effects of using CNT-nano-fluids to enhance the induced surface 
roughness during turning AISI D3 Tool steel. The ANOVA results have revealed that the 
most significant parameters are the cutting speed and mass concentration. Also, the 
artificial neural network and fuzzy logic techniques have presented two models to 
investigate the relationship between the machining parameters and the measured surface 
roughness, where 10.31% and 9.23% model accuracies have been achieved, respectively 
[164]. Also, it has been found from the literature that there is a research gap in investigating 
the nano-fluids effects when machining nickel-based alloys. A summary of these studies 
and their findings are provided in Table 3-6. In addition, reviewing the open literature has 
shown that there is no–previous attempt in using MQL-MWCNTs-nano-fluid in enhancing 
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3.6. Nano-Fluids Challenges 
In spite of all previous superior properties of nano-fluids, there are still several 
challenges, which face the development and implementation of nano-fluid technologies. 
The main challenges facing such growing technology are [78]; 
- There is no a sufficient agreement between the results obtained in various studies 
- Poor suspension / stability characterization  
- More understanding needs to be investigated in terms of properties changes 
mechanisms  
 




On the other hand, the challenges that face the growth of Nano-cutting fluids 
applications are summarizes as follows: 
- Long-term stability for nano-fluid dispersion: it is one of the most important 
requirements needed as the nano-particles are easily aggregated due to the very strong 
van der Waals interactions. A lot of proposed solutions have been applied and presented 
(e.g. using surfactant); however, the time period after preparing the nano-fluid is a 
critical factor as the nano-particles agglomeration can occur [120]; 
- The nano-fluids/Nano-additives production (e.g. sedimentation, clustering, 
agglomeration): an effective recommendation to tackle such a challenge is to establish 
a multi-disciplinary approach that can link the thermal, mechanical, chemical, and 
materials science aspects [169]; 
- The high cost of nano-fluids [170]; 
- The nano-fluids thermal behavior for turbulent flow cases: more researches are 
required to investigate the convective heat transfer and thermal conductivity in cases 
of turbulent flows. However, few studies have obtained good results by using Nano-
fluids in turbulent flow cases [171, 172]. Also, producing analytical models to express 
the flow mechanisms effects are highly required. 
3.7. Summary 
In this chapter, a comprehensive literature survey of publications related to the 
nano-cutting fluid technology has been presented and discussed. It has been reported that 
the two commonly used techniques in nano-fluids preparation are the two-step and single 
step techniques. The former is more suitable during dispersion of oxide particles and 
carbon nano-tubes and it does not show potential results for metal-nano-particles; however, 
higher efficiency in term of nano-fluid stability can be noticed during using the single step 
technique. In spite of the advantage of using the single step, it can’t fit the applications 
with high volume concentration values. Besides, three main methods, using a surfactant, 
pH control, or ultrasonic vibrations, have been used to control and offer a high 




suspension/stability performance in order to avoid the nano-additives agglomeration, 
clogging, and sedimentation. The nano-cutting fluids have shown promising results in 
improving the base cutting fluid properties; however, these improvements can’t be clearly 
observed without applying an adequate dispersion technique. Such improvements are 
mainly focused on the thermal, tribological, and rheological properties where several 
studies have established different empirical and analytical models to express the 
relationship between the process parameters and the improved properties.  
In addition, the nano-cutting fluids have revealed promising results in terms of 
machining quality characteristics improvements such as reducing the generated cutting 
forces, improving the friction behavior and tool wear, and decreasing the induced cutting 
temperature. Despite the previous improvements, a number of challenges still face its 
implementation; for example, the long-term stability for nano-fluid dispersion, difficulties 
associated with the turbulent flow cases, the high cost of nano-fluids, and challenges 
associated with the nano-fluids/nano-additives production process. 
Finally, some significant points have been concluded after reviewing the 
achievements of researchers in the relevant topics through chapters 2 and 3 as following: 
- More investigations are still required in order to improve the machinability of 
titanium and nickel alloys; 
- Research, development, and commercialization are the basic keys to implementing 
a sustainable machining process; 
- Dry cutting, MQL, and cryogenic machining are considered as environmentally 
conscious machining technologies; however, more developments are still required 
to overcome their associated problems; 
- Flood cooling is a typical cooling strategy used in industry to dissipate the high 
temperature generated during machining Inconel 718. The use of flood coolant has 
raised environmental and health concerns which call for different alternatives. 
Minimum Quaintly Lubricant (MQL) has been successfully introduced as an 
acceptable coolant strategy; however, its potential to dissipate heat is much lower 
than the one achieved using flood coolant; 




- MQL-nano-cutting fluid is one of the suggested techniques to further improve the 
performance of MQL particularly when machining difficult-to-cut materials. MQL-
nano-fluid technique offers two main advantages; (a) enhancing the machining 
process performance as the employed nano-additives improve the thermal and 
friction behavior, and (b) accomplishing a sustainable process as using vegetable 
oils based on MQL provide effective environmental benefits; 
- Multi-walled carbon nanotubes (MWCNTs) have obtained promising results as 
nano-additive into the conventional cutting fluid; however, only a few studies 
studied its effects on different machining operations especially in cutting Ti-6Al-
4V and Inconel 718; 
- It is obtained from the literature review that there is a research gap in investigation 
the nano-fluids technology effects when machining titanium and nickel-based 
alloys; 
- Developing a general assessment methodology in order to express and evaluate the 
sustainable machining metrics and machining quality characteristics is an essential 
requirement; 
 





Chapter 4 Experimental Setup and Design   
4.1. Experimentation 
 
It is an important requirement to develop and investigate new proposed techniques to 
face the machinability problems (e.g., short tool life and poor surface integrity) associated 
with cutting titanium and nickel-based alloys as these alloys have promising applications 
in aerospace, automotive, oil and gas, and biomedical industries. The nano-cutting fluids 
have shown promising results in terms of machining quality characteristics improvements 
(e.g., cutting forces, friction behavior, tool wear, and cutting zone temperature) through 
different previous studies; however, it is investigated that there is a research gap in the 
investigation of the nano-fluids technology effects when machining titanium and nickel-
based alloys. In order to investigate the influence of dispersed MWCNTs and Al2O3 
nanoparticles into the conventional cutting fluid on the cutting quality performance, 
different cutting experiments are carried out by bar turning of two round bars of Ti-6Al-
4V and Inconel 718.  In this chapter, the experimental setup and design’s frame during 
machining Inconel 718 and Ti-6Al-4V using MQL-nano-cutting fluids have been presented 
in detail.  




Inconel 718 (ASTM SB 637) and Ti-6Al-4V (UNS R56400) are utilized as the 
experiments workpieces. Chemical composition and some other properties for both Inconel 
718 (ASTM SB 637) and of Ti-6Al-4V (UNS R56400) are provided in Tables 4-1 and 4-
2, respectively.  The tests were performed on a CNC lathe machine (Hass ST-10 CNC) 
using standard carbide turning inserts and tool holders as shown in Table 4-3.  Cutting tests 
are performed under using MQL strategy, at different levels of cutting speed, feed rate, and 
weight percentages of added nano- additives (i.e., MWCNTs or Al2O3 nanoparticles). The 
depth of cut for each cutting pass is 0.2 mm. The sensitivity analysis of cutting performance 
results are employed to select the cutting conditions values for cutting speed and feed rate 
levels.  
Table 4-1  Inconel 718 (ASTM SB 637) properties 
Inconel 718 (ASTM SB 637) 
Chemical composition-wt.%:Ni:50-55%, Fe: Bal, Cr:17-21%, Mo:2.8-3.3%, Ti:0.65-1.15%, 
Al:0.2-0.8%, Co:0.17-1%, Si:0.12-0.35%, Mn:0.07-0.35%, Cu:0.07-0.3%, C:0.03-0.08%, 
P:0.01-0.15%,Nb:4.75-5.5%,S:0.015%] 
Density: 8193.25 Kg/m3 
Young’s modulus(at 23oC): 198.57 GPa 
Poisson’s ratio (at 23o C): 0.3 
Tensile strength: 930 MPa 
Yield strength @ 0.2% offset: 482 MPa 
Elongation: 45% 
Hardness: 43 Rc 
Specific Heat (at 23°C): 435  J/kg °C 
Thermal Conductivity (at 23oC): 11.2 W/m °C 
Melting Point: 1350 °C 






Table 4-2  Ti-6Al-4V (UNS R56400) properties 
Ti-6Al-4V (UNS R56400) 
Chemical composition-wt.%: Ti: 90%, Al:5.5-6.75%, V:3.5-4.5%, C:0.1%, Fe:0.3%, O:0.2%, 
N:0.05%, H:0.0125% 
Density: 4470 Kg/m3 
Young’s modulus(at 23oC): 114 GPa 
Poisson’s ratio (at 23oC): 0.3 
Tensile strength: 895 MPa 
Yield strength @ 0.2% offset: 828 MPa 
Elongation: 10% 
Hardness:30-34 (Rc) 
Specific Heat (at 23°C): 560  J/kg °C 
Thermal Conductivity (at 23oC): 7.2 W/m °C 
Melting Point: 1649 °C 
 





Cutting insert Coated carbide insert  
(CNMG 120416MR (ISO)) 
 
CNMG 432MMH13A 
(ANSI) – from Sandvic-Inc. 
Tool holder 
SANDVICK SCLCR-
2525M12 with clearance 
angle 5o and rake angle 0o, 
nose radius of 1.588 mm 
(Honed edge) 
KENNAMETAL MCLNL-
164DNC5 with clearance 
angle 0o and rake angle -5o, 
nose radius of 0.793 mm 
(Honed edge) 
 




Regarding the MQL system, the air-oil mixture was supplied by stand-alone booster 
system (Eco-Lubric) which was installed on the machine tool with a nominal oil flow rate 
of 40 ml/hr and air pressure of 0.5 MPa, similarly as used in a previous research work 
[173]. In addition, ECOLUBRIC E200 was employed as a vegetable oil used for 
experimentation which is a cold-pressed rapeseed oil type without additives. This base 
cutting fluid, ECOLUBRIC E200, is comprised of vegetable oil devoid of additives, 
allowing this cold-pressed rapeseed oil to not only assist in carrying out favorable outcomes 
when used in these specific tests, but also provides less abrasive effects on the environment. 
The position and the angle of the MQL nozzle were adjusted by experimental observation 
to avoid being blocked by chips. The air-oil mixture ratio is 1.25:1. 
The cutting performance is studied in terms of average surface roughness (Ra), flank 
tool wear (VB), energy consumption, chip morphology examination and wear mechanisms 
investigations. Through the use of a toolmaker’s microscope, flank wear was measured 
subsequent to each cutting pass.  This type of wear takes place due to the friction between 
the flank tool and the machined surface. The width of generated wear land in the flank tool 
is used to measure its value. Also, it should be stated that the increase in the flank wear 
leads to a significant increase in the cutting forces.  During the experimentation phase, A 
maximum flank wear of 0.4 mm [174] is used as the tool life criteria otherwise, in case of 
not reaching the end of tool life criteria, the cutting stopped after nine cutting passes.  
The average surface roughness parameter is used to evaluate the machined surface 
quality using a surface roughness tester (Mitutoyo SJ.201). Ra is the arithmetic average 
height of surface component (profile) irregularities from the mean line within the 
measuring length used to describe the vertical dimension of roughness [175]. Ra is 
commonly recognized, and the most used parameter to evaluate the machined surface 
roughness. The used cut-off length is 0.8 mm. After each cutting test, the surface roughness 
tester is used in five random regions along the machined surface, and the average value is 
considered. The cutting tests are replicated three times and average response value is 
calculated. In addition, a Power Sight Manager was employed throughout the machining 
process in effort to assist with logging power consumption for each machining run. 




The collected chips were analyzed and the chip thickness and shape, were recorded 
after each test. Thus, the effects of dispersed MWCNTs/ Al2O3 nano-additives on the chip-
tool interface temperature can be investigated. The deformed chip thickness has been 
measured by analysis of micrographs captured using a digital optical microscope 
(KEYENCE VHX-1000) and ImageJ software under different feed rate levels. Also, the 
change in modes of tool was also recorded. Therefore, the nano-additives effects on the 
tool wear behavior can be easily obtained and the associated wear mechanisms can be 
demonstrated. A digital optical microscope (KEYENCE VHX-1000) has been used to 
investigate the wear modes occurred at different cutting conditions. Schematic diagram of 
the experimental setup is provided as shown in Figure 4-1. Also, the experimental setup 
view when machining Inconel 718 is provided as shown in Figure 4-2. 
 
Figure 4-1  The experimental setup schematic 
4.2. Nano-Cutting Fluid Preparation and Characterization 
During the experimentation phase, multi-walled carbon nanotubes (MWCNTs) have 
94% purity, 10-30 µm length, 12-20 nm average diameter, and 110 m2/g specific surface 
area have been employed for nano-cutting fluid preparations.  
Also, it should be stated that nano-additives dispersion into the vegetable oil is a 
significant issue, which influences the thermal, rheological, and heat transfer 
characteristics of the proposed nano- fluid (e.g. thermal conductivity and viscosity).  





Figure 4-2 The experimental setup view when machining Inconel 718 
In addition, Al2O3 nano-powder properties are; 20 nm size, 95% purity, and 138 m
2/g 
specific surface area. An ultrasonic device (AQUASONIC-50HT) has been used to 
disperse the nano-additives into the cutting oil over period of 3 hours at 60 oC, and then a 
magnetic stirrer (Hot Plate Stirrer-3073-21) has been used for the stirring step for 30 
minutes to confirm fully dispersion of used nano-additives into the base cutting fluid. Zeta 
potential for stability analysis was conducted to measure the suspension stability of the 
resultant nano-fluid.  
The Zetasizer-nano-device is used to measure the resultant nano-fluids zeta values 
with different weight percentages of added nano-additives (i.e., 2 wt. %, 4 wt. %). Two 
gold electrodes in a sample cell are used to measure the zeta potential index. A voltage 
source (i.e. 200 V) is implemented to the sample cell in order to capture the applied electric 
field effects during the nano-additives movements. Thus, the phase change in light 
scattered can be measured (electrophoresis). The phase change is proportional to the nano-
additives electrophoresis mobility, from which the zeta potential can be calculated.   




In addition, sodium dodecyl sulfate (surfactant) of 0.2 gm has been employed in 
preparing the nano-fluid. The surfactant’s main function is to enhance the stability of the 
resultant nano-fluid to be more hydrophilic, and to increase the nano-additives surface 
charges; therefore, the repulsive forces between the nano-additives are increased as 
previously illustrated in literature [100, 101]. The zeta potential results for the nano-cutting 
fluids, which are used in this study, are provided in Table 4-4. It can be seen that all values 
are in the range of moderate stability according to the suspension stability evaluation 
criteria which has been mentioned and discussed in a previous work [109]. The nano-fluids 
usage when employing flood coolant can be an environmental concern; however, when 
using MQL technique, an optimal amount of oil is used and it results in a very fine mist 
where certain procedure is followed to eliminate any concern of using the nano-additives. 
Also, during the experimentation phase, certain safety procedures (i.e. standard nano-
additives safety data sheets) have been applied to maintain a standard health and safety 
level in the workshop to avoid any harmful impacts for the machine operator. Regarding 
the disposal method, the nano-fluids have been carefully filtered before being released to 
the sewer according to a standard material safety data sheet [176]. A standard ventilator is 
employed in the workspace area to absorb the resultant nano-mist in the surrounded air. 
Table 4-4  Zeta potential results 
 
4.3. Plan of Experimentation 
In this investigation, three design variables were employed with three levels each. 
Tables 4-5 and 4-6 indicate the studied independent process parameters and the assignment 
of the corresponding levels for Ti-6Al-4V and Inconel 718 cutting processes, respectively. 
Nano-cutting fluid type 
(Nano-additives-wt. %) 









L9 orthogonal array (L9OA) based on the Taguchi method was implemented for cutting 
tests. L9OA has 9 rows corresponding to the number of tests with 4 columns at three levels. 
[177]. Tests were replicated 3 times and average values of measured responses were 
obtained. The full-factorial array in this study is L27OA (33); however, fractional factorial 
array L9OA based on the design of experiments approach was implemented to save time 
and cost. The conducted tests consist of nine experiments in which the first column was 
assigned to the cutting speed, the second column to the feed rate, and the third column to 
the weight percentage of added nano-additives as shown in Table 4-7.  
Table 4-5  The levels assignment to design variables for Ti-6Al-4V cutting processes 
Design Variables Symbol Level1 Level2 Level3 
Cutting speed (m/min) 
Feed rate (mm/rev) 
Nano-additives (wt. %) 
A 120 170 220 
B 0.1 0.15 0.2 
C 0% 2% 4% 
 
Table 4-6  The levels assignment to design variables for Inconel 718 cutting processes 
Design Variables Symbol Level1 Level2 Level3 
Cutting speed (m/min) 
Feed rate (mm/rev) 
Nano-additives (wt. %) 
A 30 40 50 
B 0.2 0.3 0.4 
C 0% 2% 4% 
 
Table 4-7 L9OA used for experimentation plan 
Run no. Cutting speed  
(m/min) 




1 1 1 1 
2 1 2 2 
3 1 3 3 
4 2 1 2 
5 2 2 3 
6 2 3 1 
7 3 1 3 
8 3 2 1 
9 3 3 2 




Analysis of variance (ANOVA) is employed to analyze the influence of the studied 
design variables on the measured machining quality characteristics, which are average 
surface roughness, energy consumption, and flank tool wear.  This technique includes 
determining the significant design parameters for each measured response, selecting an 
optimal level for each significant parameter, and verifying the improvement of quality 
characteristics using the optimal level of design parameters. As such, the studied cutting 
processes design, analysis, and optimization are achieved. 
The modeling of the studied cutting processes is applied using response surface 
methodology (RSM) to analyze the influence of the independent process parameter s on 
the studied responses. The developed models are used to express; the average surface 
roughness, energy consumption, and flank tool wear for each studied cutting case. The 
purpose of mathematical models relates the process responses to facilitate the optimization 
of the process. The model's validation is demonstrated using the average percentage of 
deviation (Δ) which can be calculated as shown in equations (4.1) and (4.2) where Rm is 
the measured response value, Rp is the predicted response value, n is the number of tests, 

















To summarize, the research methodology of the current work is concluded as shown 
in Figure 4-3.  




As can be seen in the methodology schematic, there are four main stages throughout 
this study, namely; literature review, experimentation, experimental results analysis, and 
machining sustainability assessment. Literature review stage ends up with two main 
requirements; developing a general assessment model for machining processes, and 
performing cutting experiments in order to investigate the effects of the proposed nano-
cutting fluid (i.e., based on MWCNT/Al2O3 nano-additives) on the machinability of 
Inconel 718 and Ti-6Al-4V. The experimentation stage shows the workpieces and their 
properties, selected cutting tool holder and inserts, MQL setup, studied design variables, 
nano-cutting fluids preparation, and characterization, and studied machining quality 
responses and their measurement methods.  Finally, the experimental results analysis and 
investigations are presented and discussed through four phases illustrated as following:  
- Modeling, optimization, and statistical analysis of the results related to average 
surface roughness, flank tool wear, and energy consumption using RSM, ANOVA, and 
implementation of the proposed sustainability assessment model.; 
- Qualitative analysis for the resultant chips morphology and the cutting tool wear 
modes/mechanisms; 
- A comparative study between the MWCNTs and Al2O3 nano-particles through 
discussing and analyzing the nano-cutting fluid tribological and heat transfer 
mechanisms; 
- Developing an integrated finite element model in order to investigate various 
unique aspects of the studied cutting processes (e.g., the resultant nano-cutting fluid 
heat transfer characteristics and the interactions between the cutting tool and 
workpiece); 





Figure 4-3  The current research methodology and roadmap 




Chapter 5 Machining Inconel 718 with Nano-
Fluids under Minimum Quantity Lubrication  
5.1. Preamble 
As have been mentioned earlier, the engineering application of nickel-based alloys 
could be increased through providing new proposed techniques in order to decrease the 
principal problems associated with the machining process. The focus of this chapter is 
mainly to investigate the effects of dispersed multi-wall carbon nano-tubes (MWCNTs) 
and Aluminum Oxide (Al2O3) gamma nano-particles into the conventional fluid (vegetable 
oil) under employing minimum quantity lubrication (MQL) technique during bar turning 
of Inconel 718. Investigations are carried out to study the tool wear behavior, energy 
consumption, surface quality and chip morphology.   
The Inconel 718 is widely used in many industries including aerospace; however, the 
high temperature generated during machining is negatively affecting its machinability.  
Flood cooling is a commonly used remedy to improve machinability problems; however, 
the governmental regulation has called for further alternatives to reduce the environmental 
and health impacts of flood cooling.  




This chapter aims to examine the effect of two types of nano-additives namely; multi-
wall carbon nanotubes (MWCNTs) and aluminum oxide (Al2O3) gamma nanoparticles on 
enhancing the minimum quantity lubrication (MQL) technique cooling and lubrication 
capabilities during turning of Inconel 718. Machining tests were conducted and the 
generated surface and tools used were examined.  In addition, the energy consumption data 
was recorded. The novelty focuses on improving the MQL heat capacity by employing 
different nano-fluids (i.e., nano-tubes and nano-particles) in order to improve Inconel 718 
machinability. 
5.2. Flank Wear Results 
The collected flank wear data during machining with MWCNTs and Al2O3 nano-fluids 
are given in Figure 5-1. Regarding the tool life criteria, a maximum flank wear of 0.4 mm 
is used, otherwise, in case of not reaching the end of tool life criteria, the cutting stopped 
after nine cutting passes. The results revealed that both nano-fluids have shown effective 
results in comparison with the tests done without any nano-additives (i.e. tests 1, 6 and 8).   
The optimal flank wear value was obtained after test 2 when 2 wt. % MWCNTs nano-fluid 
is used. When 4 wt. % Al2O3 nano-fluid is used, test 4 showed the lowest tool wear.  
Additionally, test 8 showed the highest value of flank wear, this test has been done using 
pure MQL (without nan-additives) at cutting speed of 30 m/min and feed rate of 0.4 
mm/rev. In general, the tool wear results revealed that the MWCNTs usage leads to a 
noticeable decrease in the measured flank wear compared to the cases when Al2O3 were 
employed except test 9 where Al2O3 nano-particles provided an improvement of 19.14 % 
more than MWCNTs. The progress of tool wear when using MWCNTs and Al2O3 nano-
fluids is presented in Figure 5-2. The results presented in Figure 5-2 confirmed the obtained 
results in Figure 5-1. The main mechanism behind the tool wear improvements is the 
rolling effect as the induced mist penetrates the tool-workpiece interface area since the 
velocity of the resultant nano-mist is considerably higher than the velocity of the cutting 
tool, and hence it can pass through the tool pores and grain fractured groves. Thus, the 
nano-fluid droplets are formed on the cutting tool and workpiece surfaces and a tribo-film 
is also formed which considerably enhances the tribological and heat transfer 
characteristics. 




The flank wear ANOVA results are listed in Table 5-1. Regarding MWCNTs fluids, 
the results showed that cutting speed and percentage of added nano-additives were the most 
significant process parameters affecting the flank wear at 90% and 95% confidence levels, 
respectively. Also, the plot of the studied parameters effects on the measured response (see 
Figure 5-3) is also used to visually present the most significant variables. A large difference 
in the flank wear results can be observed in all employed levels of cutting speed and nano-
additive percentage. This finding support the claim that both cutting speed and nano-
additive percentage are the most significant variables affecting the flank wear. 
Furthermore, the optimal levels were found to be 4 wt. % of added MWCNTs at cutting 
speed of 30 m/min and 0.2 mm/rev feed rate, as shown in Figure 5-3 (a). 
 
Figure 5-1  Flank wear results for Inconel 718 
For the Al2O3 nano-fluid, the results confirmed that the wt.% of added nano-additives 
and cutting speed were the most significant design variables at 95% and 99% confidence 
levels, respectively (see Table 5-1). In addition, cutting speed of 30 m/min and 4 wt. % of 




































Figure 5-2 Progress of tool wear during cutting Inconel 718 using both nano-fluids 
The feed rate hasn’t shown any significant effect on both cases; however, it still has 
an acceptable statistical summation (see Table 5-1) which refers to its partial effect on the 
flank wear. It was found from Figure 5-3 (a) that 4 wt. % and 2 wt. % of added MWCNTs 
improve the flank wear results by 45.6% (C3 vs. C1) and 38.9% (C2 vs. C1) respectively 
compared to the tests conducted without any nano-additives (pure MQL). 




Similarly, it was found from Figure 5-3 (b) that 4 wt. % and 2 wt. % of added Al2O3 
nanoparticles enhance the tool wear results by 37.2% and 36%, respectively. Based on the 
results presented in Figures (5-1, 5-2, and 5-3), it is obvious that both employed nano-fluids 
offer significant improvements to flank wear. The improved in the measured tool wear 
when using the nano-fluid are attributed to the improvements in the wettability, convection, 
and conduction of the fluid as results of adding the nano-additives [26, 31, 178]. Also, the 
mentioned characteristics (wettability, convection, and conduction) extremely enhance the 
heat transfer and tribological functions of the proposed nano-fluids (either based on nano-
tubes or nano-particles), and therefore the cutting tool hardness retains for a longer time 
which accordingly enhance the tool performance. 






MWCTNs nano-fluid  
 
*A 0.0132 0.0066 13.19 0.07 
B 0.0010 0.0005 1.04 0.49 
**C 0.0406 0.0203 40.46 0.02 
Error 0.0010 0.0052   
Total 0.0558    
Al2O3 nano-fluid 
 
**A 0.0070 0.0035 27.61 0.035 
B 0.0005 0.0002 2.09 0.333 
***C 0.0302 0.0151 118.31 0.008 
Error 0.0002 0.0001   
Total 0.0378    
*Significant at 90% confidence level 
**Significant at 95% confidence level 
***Significant at 99% confidence level 
 




Also, some micrographs of worn flank faces were investigated under using different 
nano-additives weight percentage for MWCNTs and Al2O3 nano-fluids. The applied 
nano-fluids showed significant improvements in decreasing the flank tool wear 
compared to the test done without nano-additives as shown in Figure 5-4. 
 
Figure 5-3 Plot of design variables effects on flank wear results when using both nano-
cutting fluids 





Figure 5-4 The observed flank wear at feed rate of 0.3 mm /rev and cutting speed of 50 
m/min using; (a) 4 wt.% MWCNTs nano-fluid, (b) without nano-additives, (c) 2 wt.% Al2O3 
nano-fluid 
The adhesive mechanism of the workpiece on the tool surface followed by abrasive 
wear mechanism (due to hard elements in the workpiece material) is the main reason for 
the flank wear during machining Inconel 718. Thus, the observed flank wear without nano-
additives (see Figure 5-4 (b)) is mainly attributed to a hybrid mechanism includes both 
abrasive and adhesive wear. However, the employed nano-fluids improved the base oil 
tribological and thermal functions which improve the interface bonding in the tool-chip 
area, and as a result, the adhesion wear severity was decreased and accordingly the flank 
wear has been reduced (see Figure 5-4 (a), and 5-4 (c)). 
5.3. Average Surface Roughness Results 
The average surface roughness results when using the two types of nano-additives are 
shown in Figure 5-5. Both types of nano-fluid showed improvement in machined surface 
quality; however, cutting tests 3 and 9 did not show significant improvements compared to 
other cutting tests performed using nano-additives which is attributed to the higher value 
of feed (0.4mm/rev) used in these two tests. Best surface quality is obtained after test 4 
when using 2 wt. % MWCNTs nano-fluid.  When 4 wt. % of added Al2O3 nano-particles 
is applied, it is found that cutting test 7 offered the better surface quality.    




A comparison between the two types of nano-additives revealed that MQL-MWCNTs 
provided better performance in enhancing the surface quality; however, both cases (i.e. 
MWCNTs and Al2O3) provided almost the same performance at cutting test 7. The results 
revealed that the cooling and lubrication characteristics of nano-fluids improve the 
lubrication and wetting characteristics at the rake and flank regions and accordingly 
provide better heat dissipation as has been discussed in a previous study [179]. Thus, better 
average surface roughness values were noticed compared to the cutting tests done without 
any nano-additives, and these findings confirm the effectiveness of nano-fluids usage in 
improving the cutting processes performance as discussed in some previous studies [156, 
164, 180]. Also, due to the increasing of nano-additive concentration, which increases the 
number of nano-additives at the tool-workpiece interface; these nano-additives perform a 
vital role as spacers, decreasing the contact between the tool and workpiece.  Consequently, 
the coefficient of friction is decreased, and the surface roughness is improved.  The 
ANOVA results for MWCNTs and Al2O3 cases are shown in Table 5-2.  It can be seen that 
wt.% of added nano-additives and feed rate were the most significant design variables with 
90% and 95% confidence levels, respectively.   
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In addition, the plots of the design variables are shown in Figure 5-6 and it was 
demonstrated that cutting feed rate of 0.2 mm/rev, cutting speed of 50 m/min and 4 wt. % 
added nano-additives were the optimal levels for both cases. From Figure 5-6 (a), it can be 
found that 4 wt. % of added MWCNTs decreased the machined surface roughness by 
47.5% (C3 vs. C1) in comparison with the tests done without nano-additives, while 2 wt. 
% of added MWCNTs improved the surface quality by 44.8% (C2 vs. C1). Similarly, it 
was concluded from Figure 5-6 (b) that 4 wt. % and 2 wt. % of added Al2O3 nanoparticles 
enhanced the generated surface quality by 41.5% and 34%, respectively.  








A 0.0963 0.0481 0.1491 0.87 
*B 9.087 4.5435 14.0662 0.06 
*C 8.4962 4.2481 13.1517 0.07 
Error 0.646 0.2321   
Total 18.3257    
Al2O3 nano-fluid 
 
A 0.2594 0.0797 0.623 0.617 
**B 10.7751 5.3875 42.161 0.023 
**C 5.8351 2.9175 22.831 0.042 
Error 0.2556 0.1277   
Total 17.0251    
*Significant at 90% confidence level 
**Significant at 95% confidence level 





Figure 5-6 Plot of design variable effects on average surface roughness results when using 
both MWCNTs and Al2O3 nano-fluids 
 
 




5.4. Energy Consumption Results 
Figure 5-7 shows the energy consumption results when using MWCNTs and Al2O3 
nano-fluids. The lowest energy consumption was demonstrated at cutting test 2 when 
MWCNTs is used and test 3 for the case of Al2O3 nano-particles.  In general, lower energy 
consumption is observed when MWCNTs is used except cutting test 3 which showed lower 
energy consumption of about 2% when Al2O3 nano-fluid is used. The change in the energy 
consumption when using nano-additives is mainly due to the improvements in the 
progression of tool wear due to the improvements in the cooling effectiveness, which led 
to decrease the tool material thermal softening [11, 86, 141, 142]. Also, the chips flow 
during machining Inconel 718 takes place within the workpiece (not at the tool–workpiece 
interface) because of the high induced friction, and hence high cutting force is required. 
Adequate applying of MQL-nano-fluid to the too-chip interface zone is an effective 
lubrication technique as the applied nano-additives play as rollers to improve the frictional 
behavior, and consequently the nano-additives rolling effect decreases the energy 
consumption.  
The ANOVA results for both nano-fluids are listed as shown in Table 5-3. It can be 
found that cutting speed and wt. % of added nano-additives were the most significant 
design variables when using MWCNTs nano-fluid at 95% and 90% confidence levels, 
respectively. When using Al2O3 nano-fluid, the cutting speed and wt. % of added nano-
additives were the most significant design variables at 99% and 95% confidence levels, 
respectively. Also, the cutting feed rate didn’t show any significant effect under using both 
cases; however, an acceptable statistical summation for feed rate can be only observed in 
the tests performed using Al2O3 nano-fluid. It can be concluded from Figure 5-8 that 2 wt. 
% of added nano-additives, feed rate of 0.2 mm/rev and cutting speed of 30 m/min showed 









Figure 5-7 Energy consumption results 








**A 58386.8 29193.4 31.75 0.03 
B 228.2 114.1 0.12 0.89 
*C 29062.9 14531.4 15.80 0.06 
Error 1838.8 919.44   
Total 89516.9    
Al2O3 nano-fluid 
 
***A 66788.22 33394.11 114.58 0.008 
B 3520.22 1760.11 6.03 0.142 
**C 16997.56 8498.77 29.16 0.033 
Error 582.88 291.44   
Total 87888.88    
*Significant at 90% confidence level 
**Significant at 95% confidence level 




































Figure 5-8 Independent process parameters effects on energy consumption results when 
using different nano-cutting fluids 




Regarding Al2O3 nano-fluid, the lowest energy consumption has been revealed at 2 
wt. % of added nano-additives, feed rate of 0.4 mm/rev, and cutting speed of 30 m/min. 
From Figure 5-8 (a), it can be found that 4 wt.% MQL-MWCNTs decreased the energy 
consumption by 5.9% (C3 vs. C1) compared to the cutting tests done without nano-
additives, while 7% (C3 vs. C1) improvement percentage is determined for 2 wt.% MQL- 
MWCNTs.  Similarly, as shown in Figure 5-8 (b), it is found that 4 wt. % and 2 wt. % of 
MQL-Al2O3 nano-fluid reduced the energy consumption results by 5% since no noticeable 
change between the two nano-particles concentrations has been observed.  
5.5. ANOVA Verification 
To verify the presented ANOVA results, equation (1) has been applied to estimate the 
optimal predicted levels as following: 
Ypredicted = Ymean +∑(
n
i=1




Where the optimal average response is Yi and Ymean is the overall mean. Table 5-4 
shows the ANOVA verification results. Acceptable agreement is observed between the 
experimental and predicted optimal values. In addition, the verification accuracy results 
were calculated and acceptable results have been obtained. 
Table 5-4 ANOVA verification results 







Flank wear (mm) MWCNT 0.145 0.143 98.62% 
Flank wear (mm) Al2O3 0.176 0.178 98.86% 
Surface roughness (µm) MWCNT 1.35 1.28 94.81% 
Surface roughness (µm) Al2O3 1.51 1.44 95.36% 
Energy consumption (watt. h) MWCNT 1602 1613 99.31% 
Energy consumption (watt. h) Al2O3 1621 1637 99.01% 
 




5.6. Machining Quality Characteristics Modeling 
RSM is employed in the studied cutting processes to analyze the influence of the 
independent design variables on the measured machining responses. In addition, 
facilitating the optimization process is one of the mathematical model purposes. Three 
mathematical models have been developed for each nano-fluid type. The mathematical 
model commonly used for the process responses is represented as follows in equation (5.2). 




Where X1, X2, Xn are the process design variables and ε is the error which is usually 
normally distributed for the observed response Y. The developed models using MWCNTs 
nano-fluid for flank tool wear, average surface roughness, and energy consumption are 
provided as shown in equations (5.3-5.5), respectively. The design variables quadratic and 
interaction effects are used to accurately express the developed models since all studied 
design variables have three levels (2nd degree of freedom). The average model accuracy for 
the flank tool wear under using MWCNTs nano-fluid is about 91.7%. The proposed model 
for the average surface roughness achieves an average model accuracy of 94.6%, while 
93% average model accuracy is calculated for the energy consumption model. It can be 
concluded that acceptable average model accuracy has been noticed among all studied 
responses. The model's validation is demonstrated using the average percentage of 
deviation (Δ), as earlier mentioned in equations (4.1) and (4.2). The 3-D surface plots for 
flank wear, surface roughness, and energy consumption when using MWCNTs-nano-fluids 
are provided as shown in Figures 5-9, 5-10, and 5-11, respectively. In all 3-D surface plots, 
the third design variable is held constant at its second level. 




VB1 = 7.2 E − 05 A
2 − 0.21 B2 + 106.71 C2 + 5.1 E − 03 AB − 0.16 − 5.08 BC
+ 0.16 
(5.3) 
Ra1 = −7.3 E − 05 A
2 + 34.85 B2 + 2015.75 C2 − 0.06 AB − 0.75 AC
− 348.08 BC + 1.95 
(5.4) 
PC1 = 0.14 A
2 + 637.27 B2 + 178540.55 C2 + 7.72 AB − 205.9 AC
− 4548.32 BC + 1564.6 
(5.5) 
As can be seen in Figures 5-9 (a) and 5-9 (b), increasing MWCNTs percentage results 
in decreasing the flank wear. Also, Figures 5-9 (a) and 5-9 (b) showed an agreement with 
the results obtained in Figure 5-3 as both of them confirmed that 4 wt. % MWCNTs 
provides the lowest flank wear. In addition, Figure 5-9 (c) confirmed the previous findings 
in Table 5-1 and Figure 5-3 since changing the cutting speed levels showed significant 
effects on the flank wear results. From Figure 5-10 (b) and 5-10 (c), it was found that 4wt. 
% provided the lowest surface roughness values. This finding is in agreement with the 
results obtained in Figure 5-6. Also, as can be seen in Figure 5-10 (a), the feed rate showed 
significant effect on the surface roughness values; however, the cutting speed did not show 
noticeable effects. This finding is consistent also with the surface roughness ANOVA 
results presented in Table 5-2.  
In addition, from Figure 5-11 (a) and 5-11 (b), it was found that 2 wt. % provided the 
lowest energy consumption values. This finding is in agreement with the results obtained 
in Figure 5-8. Also, as can be seen in Figure 5-11 (c), the cutting speed showed significant 
effect on the energy consumption values; however, the feed rate did not show noticeable 
effects. This finding is consistent also with the energy consumption ANOVA results 
presented in Table 5-3. 





Figure 5-9 3-D surface plots for the flank wear model using MWCNTs-nano-fluids 
Similarly, the proposed models for Al2O3 nano-fluid are provided in equations (5.6-
5.8) for flank tool wear, average surface roughness, and energy consumption, respectively. 
The average model accuracy for the flank tool wear, average surface roughness and energy 
consumption models based on Al2O3 nano-fluid are 97.5%, 96.5%, and 99.3%, 
respectively.   
The 3-D surface plots for flank wear, surface roughness, and energy consumption 
when using Al2O3-nano-fluids are provided as shown in Figures 5-12, 5-13, and 5-14, 
respectively. It should be stated that all developed models are valid for the studied design 
variables range. 





Figure 5-10 3-D surface plots for the surface roughness model using MWCNTs-nano-fluids 
 





Figure 5-11 3-D surface plots for the energy consumption model using MWCNTs-nano-
fluids 
As can be seen in Figures 5-12 (b) and 5-12 (c), increasing Al2O3 percentage results in 
decreasing the flank wear. Also, Figures 5-12 (b) and 5-12 (c), showed an agreement with 
the results obtained in Figure 5-3 as both figures confirmed that no noticeable change is 
observed between 4 wt. % and 2 wt. % Al2O3. In addition, Figure 5-12 (a) confirmed the 
previous findings in Table 5-1 and Figure 5-3 since changing the cutting speed levels 
showed significant effects on the flank wear results. From Figure 5-13 (b) and 5-13 (c), it 
was found that 4wt. % provided the lowest surface roughness values. This finding is in 
agreement with the results obtained in Figure 5-6. Also, as can be seen in Figure 5-13 (a), 
the feed rate showed significant effect on the surface roughness values; however, the 
cutting speed did not show noticeable effects. This finding is consistent also with the 
surface roughness ANOVA results presented in Table 5-2. In addition, from Figure 5-14 
(b) and 5-14 (c), it was found that 2 wt. % provided the lowest energy consumption values. 




































































Also, as can be seen in Figure 5-14 (a), the cutting speed showed significant effect on 
the energy consumption values; however, the feed rate did not show noticeable effects. 
This finding is consistent also with the energy consumption ANOVA results presented in 
Table 5-3. 
 
Figure 5-12 3-D surface plots for the flank wear model using Al2O3-nano-fluids 
 
VB2 = 7.4 E − 05 A
2 − 0.37 B2 + 141.11.71 C2 + 5.5 E − 03 AB − 0.14 AC
− 8.97 BC + 0.22 
(5.6) 
Ra2 = −5.1 E − 04 A
2 + 26.56 B2 + 1350.22 C2 + 0.05 AB − 0.43 AC
− 268.79 BC + 2.01 
(5.7) 
PC2 = 0.12 A
2 − 669.32 B2 + 128195.24 C2 + 5.81 AB − 118.8 AC
− 8365.6 BC + 1613.4 
(5.8) 






Figure 5-13 3-D surface plots for the surface roughness model using Al2O3-nano-fluids 
 





Figure 5-14 3-D surface plots for the energy consumption model using Al2O3-nano-fluids 
5.7. Tool Wear Modes and Mechanisms  
The modes of tool wear and their associated wear mechanisms are presented and 
discussed in this section.  All micrographs of worn faces were captured at the end of cutting 
tests. The dominant wear modes when machining under mist coolant without nano-
additives were; excessive flank wear, notching, built up edge (BUE), crater wear and 
oxidation. Regarding the tests performed using nano-additives either using MWCNTs or 
Al2O3 nano-fluids, it was demonstrated that the dominant wear modes were; flank tool 
wear, crater, and notching. The employed nano-fluids (i.e., MWCNTs and Al2O3) showed 
a significant improvement in reducing the flank tool wear compared to the tests performed 




































































Regarding the notching mode, it occurs at the tool nose as seen in Figure 5-4 (b) which 
caused by adhesion. The adhesive mechanism during machining Inconel results due to the 
contact between the workpiece and cutting tool under sufficient pressure and temperature, 
which leads to plastic deformation in the actual contact area and it is called cold welding 
phenomenon as mentioned in a previous study [181].   
However, the nano-fluids offer promising performance in terms of improving the flank 
wear. An observed notching wear has taken place when 4 wt. % Al2O3 nano-fluid was 
employed as these cutting test was performed at a higher value of cutting speed (see Figure 
5-15).  This result showed that MWCNTs nano-fluid provides a larger improvement than 
Al2O3 nano-fluid. It could be due to the superior thermal conductivity of MWCNTs (3000 
W/m. K) compared to Al2O3 nano-particles (35 W/m. K). Also, MWCNTs nano-fluid 
offers higher zeta potential values than Al2O3 nano-fluid as previously presented in Table 
6 which attributes to the better improvements obtained when using MWCNTs. There is no 
a clear physical evidence in the open literature proving that MWCNTs nano-fluid offers 
better tribological properties than Al2O3.  However, based on the current research results, 
it is claimed that MWCNTs based nano-fluid could offer better performance than Al2O3 as 
a lubricant. Also, other aspects should be considered to emphasize this point correctly. The 
first aspect is the nano-additives dispersion level. Also, the induced nano-additives wear 
[182] (tribological aspect) is an important aspect which needs to be studied and analyzed 
in order to justify the current results. Thus, studying and understanding the nano-cutting 
fluids tribological and heat transfer mechanisms is highly required. Also, it was found that 
the crater wear (see Figure 5-16 (b)) was clearly noticed when pure MQL was employed 
(without nano-additives) at a higher value of cutting speed level (60 m/min). However, 
both nano-fluids showed a significant improvement in reducing the induced crater wear 
(see Figure 5-16 (a) & 5-16 (c)). It is mainly because of their superior cooling and 
lubrication properties which face the high generated temperature. During cutting without 
nano-additives, the high generated temperature is intensified by cutting speed preventing 
the hard constituents in the workpiece material to diffuse into softer material matrix. 
Consequently, that leads to a chemical reactivity between the tool and workpiece. Thus, 
the observed crater wear when pure MQL was employed is mainly attributed to a hybrid 
wear mechanism including both diffusion and chemical reactivity.   





Figure 5-15 The observed notching wear when using 4 wt.% Al2O3 nano-fluid at cutting 
speed of 60 m/min and feed rate of 0.3 mm/rev 
The oxidation and built-up-edge wear mechanisms (see Figure 5-17) have been only 
observed in the cutting tests performed without nano-additives. In terms of the oxidation 
wear mechanism which have been occurred at cutting speed of 50 m/min, it is mainly due 
to the chemical reactivity of Aluminum element in the carbide tools as has been confirmed 
in the literature review [183]. Also, it has been investigated that oxidation wear is also 
attributed to a combination of high generated temperature and oxygen from the surrounding 
air [184]. The built up edge phenomena has been observed at a feed rate of 0.4 mm/rev and 
a cutting speed of 50 m/min (without nano-additives) as shown in Figure 5-17. A previous 
work [181] claimed that it is mainly due to the adhesive form of carbide tools which leads 
to the chip pressure welding on the cutting insert. Also, the range of cutting speeds used in 
this investigation is considered as a low cutting speed which also increased the possibility 
of built-up-edge formation. It can be concluded that the employed nano-fluids offered 
significant improvements, it is mainly due to the promising cooling and lubrication 
properties which enhance the interface bonding between the tool and workpiece surfaces.  
In addition, the nano-fluids offer an effective heat dissipation performance which retains 
the cutting tool original hardness and accordingly the continuous sever rubbing of the 
workpiece with the flank face was decreased as discussed in some previous studies [26, 27, 
31]. 






Figure 5-16 The observed crater wear at cutting speed of 60 m/min and feed rate of 0.2 
mm/rev; (a) 4 wt.% Al2O3 nano-fluid, (b) without nano-additives, (c) 4 wt.% MWCNTs nano-
fluid 
Furthermore, the significant tribological properties of the resultant nano-cutting fluid 
reduced the coefficient of friction at the tool– chip interface as the employed nano-additives 
work as a spacers (see Figure 5-18) to limit the induced rubbing between the cutting tool 
and workpiece, as discussed previously [185]. As can be seen in Figure 5-18, the nano-
cutting fluid is atomized into the MQL nozzle and it results in a very fine mist. Thus, the 
droplets of the nano-cutting-fluid are formed on the workpiece and cutting tool surfaces 
which significantly enhances the tribological characteristics and reduces the induced 
friction. 
 






Figure 5-17 The observed oxidation wear and built-up-edge phenomena  at cutting speed 
of 50 m/min without nano-additives 
 
Figure 5-18 MQL-nano-fluid mechanism 
 




5.8. Chip Morphology Examination 
The chip morphology examination was carried out to provide details about the effects 
of dispersed MWCNTs/ Al2O3 nanoparticles on chip-tool interface temperature. For tests 
performed without nano-additives, the continuous helical chips (see Figure 5-19 (a)) were 
generated as the material becomes much softer compared to the cutting tool material due 
to the high generated temperature in the cutting shear zone. Al2O3 nano-fluid provides 
larger chip helix angles (θ) compared to the tests performed without nano-additives as 
shown in Figure 5-19 (b). It is attributed to forming a thin layer of nano-mist between the 
chip and tool rake face (see Figure 5-18) [26, 166]. This nano-mist layer increased the chip 
helix angle as can be seen in Figure (5-19 (b) & 5-20 (b)). The majority of tests performed 
using MWCNTs nano-fluid showed tiny segmented chips as shown in Figure 5-19 (c) 
because of the impingement of MWCNTs on the generated chips which increased the chip 
helix angle and forced the long chips for breaking. The schematic of the three cases is 
provided in Figure 5-20. The above results were confirmed with chip morphology 
examination revealed in a previous study [26] which applied Al2O3 nano-fluid during 
turning of AISI 4340. However, in the current study, the tiny segmented chips were 
observed only when MWCNTs have been employed. It is mainly due to the superior 
thermal properties of MWCNTs (thermal conductivity is about 3000 W/m K). Also, 
Inconel 718 has higher hardness and yield strength values (see Table 4-1) compared to 
AISI 4340 (i.e., yield strength of 470 MPa and hardness of 35 Rc) which accordingly 
prevented the occurrence of tiny segmented chips when using Al2O3 nano-fluid. Thus, this 
finding also confirms that MWCNTs have offered the best cooling and lubrication 
performance. In addition, BUE-chips have been observed at a higher cutting speed (60 
m/min) and feed rate of 0.3 mm/rev without nano-additives. This phenomenon takes place 
due to the high generated temperature and pressure at the tool tip (see Figure 5-21 (a)). On 
the other hand, no built-up edge chips were observed when either using MWCNTs or Al2O3 
nano-fluids (see Figure 5-21 (b)) as they offer promising cooling and lubrication properties. 
 
 





Figure 5-19 The generated chips during machining Inconel 718 at cutting speed of 60 




Figure 5-20 Schematic of the generated chips; (a) lower helix angle using pure MQL, (b) 
larger helix angle using Al2O3 nano-fluid, (c) segmented chips using MWCNTs nano-fluid 
 
 
Figure 5-21 Micrographs of BUE effects on the generated chips at cutting speed of 60 
m/min and feed rate of 0.3 mm/rev; (a) without nano-additives, (b) under MWCNTs nano-fluid 
 




Also, the deformed chip thickness was measured for different cases and results were 
plotted at different feed rate levels as provided in Figure 5-22.  It can be concluded that 
cutting tests performed without nano-additives showed the highest chip thickness due to 
the chip welding tendency to the top surface layers of the tool rake face. Based on the 
results provided in Figure 5-22, lower deformed chip thickness has been obtained using 
both nano-fluids.  The chip thickness reduction would lead to  shorter shear plane and larger 
shear angle [186]. Thus, lower cutting force [187] and induced friction coefficient [188] 
would occur as similarly discussed in previous studies. Furthermore, the chip breakability 
mechanism would be enhanced [189]. For MWCNTs tests, it was found that 4 wt. % 
provided lower deformed chip thickness than 2 wt. %. However, 2wt. % Al2O3 nano-fluid 
offered better performance than 4 wt. %. Thus, studying the MQL-nano-fluid heat transfer 
and tribological mechanisms is currently under investigation to obtain the nano-additives 
percentage and size effects on the cutting processes performance. In general, the chip 
morphology investigation showed the nano-fluids cooling and lubrication significantly 
improve the Inconel 718 machinability.  
 
Figure 5-22 Effect of feed rate on chip thickness during machining Inconel 718 
with/without nano-fluids 




5.9. Discussions  
It is an important aspect to understand the MQL nano-fluid mechanism. The technique 
schematic is shown at Figure 5-18. It can be concluded that the proposed nano-fluids are 
atomized using MQL device under employing certain amount of compressed air. 
Consequently, a fine mist walled with a vegetable oil layer is formed (see Figure 5-18). 
This mist is capable of penetrating into the tool-workpiece interfere area and creating a 
tribo-film which has a significant role in reducing the generated cutting heat as well as 
decreasing the coefficient of friction. Accordingly, these improvements significantly 
enhance the cooling and lubrication functions, and maintain the tool hardness for a longer 
period. Thus, the MQL-nano-fluid showed better performance in terms of tool wear 
behavior compared to other cutting tests done using pure MQL without any added nano-
additives.  
Also, the previous investigations revealed that both types of nano-fluids offer 
promising results in terms of flank wear, average surface roughness, and energy 
consumption; however, MWCNTs generally presents better performance than Al2O3 nano-
fluid. The reasons for this finding were discussed as follows: 
- The resultant nano-fluid based on MWCNTs offers higher thermal conductivity 
values even under employing lower concentration percentage (wt. %).  This attributed 
to the fact that MWCNTs have superior thermal properties (thermal conductivity is 
about 3000 W/m K [33-35]). For example, the thermal conductivity value of MWCNTs 
nano-fluid using water as a base fluid showed an improvement percentage of 38% 
(using 0.6% volume fraction) [121], while Al2O3 nano-fluid using the same base fluid 
and 4.3% volume fraction showed 30% thermal conductivity improvement percentage 
[122]. 




- Zeta potential index expresses the repulsive force among the nano-additives and it 
is considered as a worthy dispersion stability indicator [92, 190]. Thus, higher values 
of zeta potential index mean the employed nano-fluid presents better performance 
which could prevent any possible obstacles such as nano-additives agglomeration, 
clogging, or sedimentation.  In terms of the measured zeta potential results, MWCNTs 
nano-fluid offers higher values than Al2O3 nano-fluid as previously presented in Table 
4-4 which attributes to the better improvements obtained when using MWCNTs. 
- The range of cutting speeds used in the current investigation is considered as a low 
cutting speed. This emphasis the nano-fluid lubrication effect and its contribution to 
reduce the induced friction which improves the tribological aspects of the cutting 
process.  Both employed nano-fluids have offered significant results in improving both 
the frictional behavior and tool wear performance. In a previous study [191] of a pin-
on-flat tribo-tester showed that the worn weight and friction coefficient have been 
decreased by 43.4 % and 34.2% respectively under using Al2O3 nanoparticles in 
deionized water.  Also, MoS2/CNTs hybrid nano-fluid showed reduction in the friction 
coefficient during grinding of Inconel 718, [192]. Regarding the CNTs tribological 
enhancements, a noticeable increment in the fire and flash points of SAE20W40 oil has 
been observed after adding MWCNTs so that it helps in improving both of tribological 
and heat absorption capabilities of the proposed nano-fluid [152].  
- There is no a clear physical evidence in the open literature proves that MWCNTs 
nano-fluid offers better tribological properties than Al2O3; however, based on the 
current research results, it is claimed that MWCNTs based nano-fluid could offer better 
performance than Al2O3 as a lubricant. Thus, studying and understanding the nano-










In this chapter, two nano-fluids (MWCNTs and Al2O3) were employed during 
machining Inconel 718 to study their influence on the machinability when MQL 
technology is used. The study revealed that:  
- Both nano-fluids offer better results for tool wear, surface quality, and energy 
consumption; however, MWCNTs presents better performance than Al2O3 nano-fluid.  
- The analysis of the measured flank wear, induced surface quality, and energy 
consumption results showed that the nano-additives weight percentage has a significant 
effect on all previous characteristics either using MWCNTs or Al2O3. 
- 4 wt.% added MWCNTs or Al2O3 nanoparticles was the optimal level for flank 
wear and surface quality results; however, no noticeable change has been observed 
between 2 wt.% and 4 wt.% in case of energy consumption.  
- The nano-fluids improvements are attributed its superior tribological and heat 
transfer characteristics, which improve the interface bonding between the cutting tool 
and workpiece surfaces. Also, the nano-fluids offer a better heat dissipation 
performance which retains the cutting tool original hardness and accordingly reduce 
the sever rubbing of the workpiece with the flank face. 
- The dominant wear modes noticed when cutting without nano-additives were 
excessive flank wear, notching, built up edge, crater wear, and oxidation; however, 
both MWCNTs and Al2O3 nano-fluids have shown promising results in enhancing the 
cutting tool performance. 
- It is revealed that both types of nano-fluids offer promising results in terms of flank 
wear, average surface roughness, and energy consumption; however, MWCNTs 
generally presents better performance than Al2O3 nano-fluid. 




- There is no a clear physical evidence in the open literature proves that MWCNTs 
nano-fluid offers better tribological properties than Al2O3. Thus, studying and 
analyzing the nano-cutting fluid heat transfer and frictional mechanisms are required 
to physically investigate and emphasize this point. 
It is concluded that MWCNTs and Al2O3 nanoparticles improve the thermal and 
tribological properties of the resultant nano-fluid compared with the base fluid. Thus, the 
obtained results showed improvements in the cutting performance of Inconel 718 (i.e. flank 
tool, surface quality, and energy consumption). 




Chapter 6 Machining Ti-6Al-4V with Nano-
Fluids under Minimum Quantity Lubrication  
6.1. Preamble 
Titanium alloys are the primary candidates in several applications due to its promising 
characteristics such as high strength to weight ratio, high yield strength, and high wear 
resistance.  Despite its superior performance, some inherent properties such as low thermal 
conductivity and high chemical reactivity lead to poor machinability and result in 
premature tool failure. The engineering application of titanium alloys could be increased 
through providing proposed new techniques to decrease the principal problems associated 
with the machining process. In order to overcome the heat dissipation challenge during 
machining titanium alloys, nano-cutting fluids are utilized as they offer higher observed 
thermal conductivity values compared to the base oil. The focus of this chapter is mainly 
to investigate the effects of dispersed multi-wall carbon nanotubes (MWCNTs) into the 
conventional fluid (vegetable oil) under minimum quantity lubrication (MQL) technique 
during turning Ti-6Al-4V alloy. Similar to Chapter 5, the investigations are carried out to 
study the tool wear behavior, energy consumption, chip morphology and surface quality; 
however, only MWCNTs nano-fluid is employed as it offers better results than Al2O3 nano-
fluid as has been clarified and discussed in the previous chapter.  
 




6.2. Flank Wear Results 
The flank wear results when cutting Ti-6Al-4V with MWCNTs nano-fluid are 
provided in Figure 6-1. A maximum flank wear of 0.4 mm [193] is used as the tool life 
criteria otherwise, in case of not reaching the end of tool life criteria, the cutting stopped 
after nine cutting passes. The results revealed that MWCNTs nano-fluid has shown 
promising results in comparison with the tests performed without any nano-additives (i.e. 
tests 1, 6 and 8).  Test 3 shows the lowest flank wear value. The cutting conditions at test 
3 are cutting speed of 120 m/min, feed rate of 0.15 mm/rev and 4 wt. % of added MWCNTs.  
The highest wear value was found after test 8 (i.e. after 6 cutting passes) and after test 6 
(i.e. after 5 cutting passes). Both of cutting tests 8 and 6 have been performed without using 
nano-additives. Also, the tool wear progress is presented as shown in Figure 6-2.  
 
Figure 6-1 Flank tool wear results 
The nano-fluid significant improvements are mainly attributed to the significant 
cooling and lubrication properties of nano-fluids which improve the rake and flank regions’ 





























Thus, partially smoothed cutting processes was achieved and lower flank wear values 
were observed in comparison with the processes performed without any nano-additives as 
has been discussed in previous studies [156, 180]. Also, the mentioned characteristics 
enormously improve the cooling and lubrication properties which retain the cutting tool 
hardness for a longer time as similarly confirmed in previous works [57, 60].   
 
Figure 6-2  Tool wear progress during machining Ti-6Al-4V using MWNCTs nano-fluid 
Analysis of variance (ANOVA) has been employed to study the machining design 
variables effects on the measured flank wear. It should be stated that ANOVA has been 
employed in previous studies [194, 195] , and it was an effective tool to clearly obtain the 
significant machining parameters affecting different machining characteristics. ANOVA 
results for the flank wear are listed in Table 6-1. It is revealed that weight percentage of 
added nano-additives is the main significant design variable affects the flank wear at 90% 
confidence level; however, cutting speed still has an acceptable statistical summation in 
comparison with the feed rate which can show the cutting speed effect on the induced tool 






































Also, Figure 6-3 visually confirms the noticeable effect of cutting speed on the flank 
wear. Within the range of the investigated independent variables, the optimal levels were 
found to be cutting speed of 120 m/min, feed rate of 0.15 mm/rev and 4 wt. % of added 
MWCNTs (see Figure 6-3). It was also concluded that 4 wt. % and 2 wt. % of added 
MWCT reduced the flank wear by 49.4 % and 45%, respectively in comparison with the 
tests performed without any nano-additives (classical-MQL). Also, the modes of tool wear 
and their associated wear mechanisms are presented and discussed in this section.  All 
micrographs of worn faces were captured at the end of cutting tests. The dominant wear 
modes when cutting under mist coolant without nano-additives were; excessive flank wear, 
crater wear, tool nose wear, and plastic deformation. Regarding the tests performed using 
nano-additives either using MWCNTs or Al2O3 nano-fluids, it was demonstrated that the 
dominant wear modes were; flank wear and crater. 
The employed nano-fluids (i.e., MWCNTs) showed significant improvements in 
reducing both flank and crater wear compared to the tests performed without nano-
additives as shown in Figure 6-4 and Figure 6-5, respectively.  The crater wear is related 
to the diffusive wear mechanism as the rake face materials is dissolved into the generated 
chip due to the high-generated temperature during cutting processes (i.e., dissolution-
diffusion) as discussed in a previous work [18]. On the other hand, the abrasion between 
the workpiece and the tool surface is main reason for the observed flank wear during cutting 
without MWCNTs. Regarding the employed nano-fluids significant effects, it is mainly 
due to the promising cooling and lubrication properties which enhance the interface 
bonding between tool and workpiece surfaces so that the abrasive wear severity is partially 
eliminated and the high-generated temperature is significantly decreased [26, 27]. 






A 0.0701 0.0352 6.77 0.128 
B 0.0128 0.0064 1.23 0.448 
*C 0.1308 0.0654 12.58 0.073 
Error 0.0104 0.0052   
Total 0.2246    
*Significant at 90% confidence level 





Figure 6-3 Plot of design variables effects for flank wear results 
 

















































Figure 6-5 The observed flank tool wear at cutting speed of 170 m/min and feed rate of 
0.1 mm /rev using; (a) without nano-additives, (b) 2 wt.% MWCNTs nano-fluid 
Regarding the tool nose wear (see Figure 6-6 (a)), it is mainly attributed to an excessive 
localized damage on both the rake and flank faces appeared at the tool nose. It has been 
claimed in a previous study [196] that it is attributed to the abrasive wear mechanism 
because of the hard constituents in the workpiece material. Also, the plastic deformation 
was observed as can be seen in Figure 6-6 (b). It is mainly due to the high generated 
temperature as the thermal shock mechanism leads to softening the tool material and 
resulting in cracks developments and plastic deformation wear. 
 
Figure 6-6 (a) the tool nose wear at cutting speed of 220 m/min, feed rate of 0.2 mm/rev 
and without nano-additives; (b) the plastic deformation at cutting speed of 120 m/min, feed rate 
of 0.15 mm/rev and 0 wt.% MWCNTs 
 




6.3. Average Surface Roughness Results 
The average surface roughness results are provided as shown in Figure 6-7.  It is clear 
that MWCNTs nano-fluid shows promising results to improve the resultant surface quality; 
however, cutting tests 3 and 9 didn’t show effective results compared to the other tests 
performed using nano-additives as these tests have been performed at the higher value of 
feed rate level (i.e., 0.4 mm/rev). Cutting test 4 showed the best surface quality. The cutting 
conditions of this test include cutting speed of 170 m/min, feed rate of 0.1 mm/rev and 2 
wt. % of added MWCNTs.  
 
Figure 6-7  Average surface roughness results 
ANOVA results are listed as shown in Table 6-2.  Both cutting feed rate and wt. % of 
added nano-additives are the main significant design variables affecting the resultant 
surface quality at 90% confidence level.  In addition, the plot of design variables effects is 
provided as shown in Figure 6-8.  The cutting feed rate of 0.1 mm/rev, cutting speed of 120 

































An improvement of 38 % is noticed for 4 wt. % of added MWCNTs in comparison 
with the tests performed without nano-additives, while 2 wt. % of added MWCNTs 
enhanced the surface quality by 50%. It can be noticed that increasing the added percentage 
of nano-additives usually results in higher thermal conductivity and better heat transfer 
performance; however, 2 wt. % MWCNTs offered better cutting performance than 4 wt. 
%. Thus, more investigations are needed in order to investigate the effect of nano-additives 
concentration on the tribological and heat transfer characteristics when machining with 
nano-fluids. Also, the nano-additives concentration and size effects on the thermal and 
frictional behavior should be emphasized. The cooling and lubrication properties of the 
nano-fluids improve the rake and flank regions’ lubrication and wetting properties so that 
better heat dissipation could be achieved. Consequently, partially smoothed cutting 
processes is accomplished and better average surface roughness values are observed in 
comparison with the processes performed without any nano-additives as discussed 
previously [156, 180].  In addition, applying an appropriate lubrication and cooling system 
to the tool–workpiece interface area provides a viable role to reduce the coefficient of 
friction. Introducing the nano-cutting fluid system would decrease the induced friction and 
the machined surface roughness. This is mainly attributed to the significant tribological 
properties of the resultant nano-mist which decreases the friction at the tool– chip interface.  
Also, the nano-additives work as a spacers reducing the rubbing between the cutting tool 
and workpiece, as discussed previously [185]. The schematic of the lubrication/cooling 
system (MQL-nano-fluid) is provided in Figure 6-9.  It can be seen that the nano-cutting 
fluid is atomized into the MQL nozzle and it results in a very fine mist. The resultant mist 
represents the nano-additives surrounded by a thin base fluid film. Thus, the droplets of the 
nano-cutting-fluid are formed on the workpiece and cutting tool surfaces and a tribo-film 
is also formed (see Figure 6-9) which significantly enhances the tribological characteristics 
and reduces the induced friction. In addition, increasing the added percentage of nano-
additives results in higher thermal conductivity for the resultant nano-fluid and improves 
the heat transfer performance accordingly. However, in the current study, 2 wt. % 
MWCNTs nano-fluid offers better cutting performance than using 4 wt. %. This is mainly 
attributed to the ploughing mechanism (see Figure 6-9). When there is an abundance of 
nano-additives in the resultant nano-fluid, they collide with and are impeded by the 




asperities on the work surface and hence generate higher cutting forces. As a result, the 
nano-additive induced wear is increased with increasing the nano-additives concretion as 
similarly discussed in a previous work [182].  Consequently, the resultant flank wear would 
increase and accordingly would affect the surface quality.  On the other hand, as can be seen 
in Figure 6-9, increasing the nano-additives concentration means more nano-additives in the 
workpiece-interface area, and therefore the resultant friction would decrease since the 
employed mist serve as spacers in the cutting zone area. Based on above, it should be stated 
that the nano-additives concentration should be carefully selected and optimized in order to 
strike a balance between all previous considerations. 
Figure 6-8 The plot of control variables effects on the measured surface quality 






A 0.1049 0.0524 0.664 0.608 
*B 2.8528 1.4264 18.059 0.052 
*C 1.4131 0.7065 8.94 0.1 
Error 0.1579 0.0789   
Total 4.5289    


















































Figure 6-9 Schematic of the MQL-nano cutting fluid mechanism (rolling and ploughing)  
 
6.4. Energy Consumption Results 
The energy consumption results when using MWCNTs nano-fluid are provided in 
Figure 6-10. When 2 wt. % of added MWCNs is utilized, the results showed that cutting 
test 2 offered the lowest energy consumption. The cutting conditions at this test are cutting 
speed of 120 m/min and feed rate of 0.15 mm/rev. In general, MWCNTs nano-fluid has 
shown better performance in reducing the energy consumption compared to the tests 
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Due to the high induced friction occurred during machining difficult-to-cut materials, 
the higher frictional force component would lead to adhesive friction, and therefore the 
flow of chips will take place only within the workpiece (not at the tool–workpiece 
interface). Consequently, the deformed chip thickness would increase and accordingly the 
cutting ratio and shear angle would decrease. Therefore, the cutting force component 
required to remove the chip would significantly increase [197, 198]. Thus, applying an 
appropriate lubrication and cooling system to the tool–chip interface is required in order to 
reduce the induced coefficient of friction. The significant tribological properties of the 
resultant nano-cutting fluid could help in reducing the coefficient of friction at the tool– 
chip interface since the employed nano-additives work as spacers and decrease the induced 
rubbing between the cutting tool and workpiece (see Figure 6-9) [57, 185].  
 
Figure 6-10 Energy consumption results 
The ANOVA results (see Table 6-3) have shown that cutting speed and wt.% of added 
nano-additives were the main significant design variables affects the energy consumption 
at 99% confidence levels. In addition, the plot of the design variables effects is shown in 

































It is demonstrated that cutting speed of 120 m/min, feed rate of 0.1 mm/rev, and 2 
wt.% of added nano-additives were the optimal levels which offer the lowest energy 
consumption when MWCNTs nano-fluid was employed. However, the cutting feed rate 
has not shown any significant effects (see Figure 6-11 and Table 6-3).  From Figure 6-11, 
it can be concluded that of 4 wt.% of added MWCNTs reduced the energy consumption by 
7.9% compared to the tests performed without nano-additives (i.e. C3 vs. C1), while 2 
wt.% of added MWCNTs reduced the generated power by 11.5% (i.e. C2 vs. C1). 
 
Figure 6-11 Plot of design variables effects on energy consumption results 






*A 109840.6 54920.3 143.64 0.006 
B 2342 1171 3.06 0.246 
*C 125080.7 62540.35 163.57 0.005 
Error 764.6 382.33   
Total 238028    

















































However, increasing the added percentage of nano-additives increases the resultant 
nano-fluid thermal conductivity and accordingly improves the heat transfer performance, 
2 wt. % offered less energy consumption than 4 wt. %. This finding could be attributed to 
the nano-additives dispersion into the base fluid (e.g. agglomeration, clogging, or 
sedimentation); however, zeta potential results offered an acceptable performance for both 
nano-additives percentages as has been mentioned earlier (see Table 4-4).  On the other 
hand, 4 wt. % MWCNTs offered better results in reducing the flank wear compared to 2 
wt. % of added MWCNTs. Thus, more investigations need to be focused on the effect of 
nano-additives concentration on the nano-cutting-fluid tribological and heat transfer 
mechanisms in order to physically justify why 2 wt. % nano-fluid occasionally offers better 
cutting performance than 4 wt. % nano-fluid. 
6.5. ANOVA Verification  
Similarly, to chapter 5, the ANOVA verification results have been determined using 
equation (5.1) as shown in Table 6-4.  Good agreement can be noticed between the 
predicted and experimental optimal results. 







Flank wear (mm) 0.16 0.163 98% 
Surface roughness (µm) 0.51 0.45 89.3% 
Energy consumption (watt) 2085 2077 99.6% 




6.6. Machining Quality Characteristics Modeling 
Similarly, to Chapter 5, RSM technique is employed to model the studied cutting 
processes. The developed models using MWCNTs nano-fluid for flank wear, average 
surface roughness, and energy consumption are provided as shown in equations (6.1-6.3), 
respectively. The design variables quadratic and interaction effects are used to express the 
developed model since all studied design variables have three levels (2nd degree of 
freedom). The average model accuracy for the flank wear model under using MWCNTs 
nano-fluid is about 89.31%. The proposed model for the average surface roughness 
achieves an average model accuracy of 93.7%, while 98.6% average model accuracy is 
calculated for the energy consumption model. The 3-D surface plots for flank wear, surface 
roughness, and energy consumption when using MWCNTs-nano-fluids are provided as 
shown in Figures 6-12, 6-13 and 6-14, respectively. 
VB3 = 7.2 E − 06 A
2 + 10.96 B2 + 188.6 C2 − 7 E − 03 AB − 2.2 E − 03  AC




Ra3 = 8.6 E − 06 A
2 + 58.32 B2 + 1480.65 C2 − 2 E − 03 AB − 0.21 AC
− 268.55 BC + 0.27 
(6.2) 
 
PC3 = 0.01 A








As can be seen in Figures 6-12 (b) and 6-12 (c), increasing MWCNTs percentage 
results in decreasing the flank wear. Also, Figures 7-12 (b) and 7-12 (c) showed an 
agreement with the results obtained in Figure 6-3 as both of them confirmed that 4 wt.% 
MWCNTs provides the lowest flank wear. In addition, 7-12 (b) confirmed the previous 
findings in Table 6-1 and Figure 6-3 since changing the cutting speed levels showed 
significant effects on the flank wear results. 
 
Figure 6-12 3-D surface plots for the flank wear model using MWCNTs-nano-fluids 
From Figure 6-13 (b) and 6-13 (c), it was found that 2 wt. % provided the lowest 
surface roughness values. This finding is in agreement with the results obtained in Figure 
6-8. Also, as can be seen in Figure 6-13 (a), the feed rate showed significant effect on the 
surface roughness values; however, the cutting speed did not show noticeable effects. This 
finding is consistent also with the surface roughness ANOVA results presented in Table 6-
2. 




From Figure 6-14 (a) and 6-14 (c), it was found that 2 wt. % provided the lowest 
energy consumption values. This finding is in agreement with the results obtained in Figure 
6-11. Also, as can be seen in Figure 6-14 (b), the cutting speed showed significant effect 
on the energy consumption values; however, the feed rate did not show noticeable effects. 
This finding is consistent also with the energy consumption ANOVA results presented in 
Table 6-3. 
 
Figure 6-13 3-D surface plots for the surface roughness model using MWCNTs-nano-fluids 
6.7. Chip Morphology Examination 
Another investigation to evaluate the effects of the employed nano-fluids on the Ti-
6Al-4V machining performance is the examination of chip morphology in order to provide 
details about the effects of dispersed MWCNT in the chip-tool interface area. 




 Regarding the tests performed without nano-additives, serrated chip or saw-tooth-like 
appearance (see Figure 6-15 (a)) are generated due to the non-uniform strain on the material 
during the cutting process (existence of low and high shear strain zones). In addition, it is 
usually observed when machining low-thermal-conductivity materials such as Ti-6Al-4V 
[199]. In the majority of cutting tests done using MWCNTs nano-fluid, wider saw-tooth 
spaces have been observed compared with the tests performed without nano-additives as 
shown in Figures 6-15 (b) and 6-15 (c). It is mainly due to forming a thin nano-mist layer 
between chip and tool rake face which enhances the heat dissipation performance. During 
cutting test 7, the non-homogenous serrated chips have not been observed as shown in 
Figure 6-15 (d), and it could be attributed to employing a higher percentage of added 
MWCNTs (i.e., 4 wt. %) which increases the induced heat convection coefficient and 
improves the heat dissipation performance.   
 




























































































Figure 6-15 Micrographs of the generated chips; (a) without nano-additives, (b) at cutting 
test 2, (c) at cutting test 4 and (d) at cutting test 7 
 
Also, the deformed chip thickness was measured for different cases during cutting Ti-
6Al-4V alloy with/without MWCNTs nano-fluid, and the results were plotted at different 
feed rate levels as provided in Figure 6-16. The deformed chip thickness has been measured 
by analysis of micrographs captured using a digital optical microscope (KEYENCE VHX-
1000) and ImageJ software under different feed rate levels.  The cutting tests performed 
without nano-additives showed the highest chip thickness due to the chip welding tendency 
to the top surface layers of the tool rake face. Based on the results provided in Figure 6-16, 
lower deformed chip thickness has been obtained when using either 4 wt. % or 2 wt. % 
MWCNTs. It is mainly attributed to the effective cooling and lubrication properties upon 
using MQL-nano-fluid which help in reducing the severity of the chip welding tendency.  
The chip thickness reduction would lead to shorter shear plane and larger shear angle. 
Thus, lower cutting force [187] and induced friction coefficient [188] would occur as 
similarly discussed in previous studies. Furthermore, the chip breakability mechanism 
would be enhanced [189]. On the other hand, the chip thickness results showed that 4 wt. 
% offered lower deformed thickness than 2 wt. %; however, 2 wt. % offered better surface 
quality. Thus, studying and analyzing the nano-cutting fluid tribological and heat transfer 
mechanisms are required in order to physically emphasize this concern, and understand the 
machining processes with MQL-nano-fluid. 
 





Figure 6-16 Effect of feed rate on the deformed chip thickness during machining 
Ti-6Al-4V with/without MWCNTs nano-fluids 
6.8. Summary 
In this chapter, MWCNTs nano-fluid has been employed during machining Ti-6Al-
4V in order to study their influence on several cutting quality characteristics, namely; tool 
wear, surface roughness, energy consumption and chip morphology. The chapter findings 
are concluded as follows: 
- Regarding the flank tool wear, average surface roughness and energy consumption 
results analysis, it is demonstrated that percentage of added nano-additives is a 
significant design variable through using ANOVA; 
- It is observed that MWCNTs nano-fluid offers promising results in terms of tool 
wear, average surface roughness, and energy consumption; 
- 4 wt.% added MWCNT is the optimal level for flank tool wear results; however, 2 
wt.% nano-fluid offers better performance than 4 wt.% nano-fluid for both energy 
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- More investigations need to be focused on the effect of nano-additives 
concentration and size effects on the nano-fluid tribological and heat transfer 
mechanisms in order to physically justify why 2 wt. % nano-fluid offers occasionally 
better cutting performance than 4 wt. % nano-fluid; 
- Three mathematical models have been developed for the studied cutting responses 
based on the studied design variables range and acceptable average model accuracy has 
been demonstrated for each proposed model; 
- The dominant wear modes noticed for the cutting tests performed without nano-
additives are; flank wear, crater wear, tool nose wear and plastic deformation. MWCNT 
nano-fluid has shown promising results in enhancing the cutting tool performance; 
- In the majority of cutting tests done using MWCNTs nano-fluid, wider saw-tooth 
spaces have been observed compared with the tests performed without nano-additives 
due to forming a nano-mist layer between chip and tool rake face which enhances the 
heat dissipation performance. During cutting test 7, the non-homogenous serrated chips 
have not been observed, and it could be attributed to employing a higher percentage of 
added MWCNTs which increases the induced heat convection coefficient and enhances 
the heat dissipation performance; 
- In addition, higher chip thickness values have been observed during the cutting tests 
conducted without nano-additives in comparison with the tests performed using 
MWCNTs nano-fluid. Thus, the chip morphology investigation also demonstrates the 
cooling and lubrication significant effects of the proposed nano-fluid on Ti-6Al-4V 
machining performance; 
It is concluded that MWCNTs nano-fluid improves the thermal and tribological 
properties of the resultant nano-fluid compared with the base fluid, and hence promising 
cooling and lubrication properties are observed which accordingly affect the machining 
performance of Ti-6Al-4V (i.e., tool wear behavior, surface quality, and energy 
consumption); 
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Chapter 7  Nano-Cutting Fluids Tribological 
and Heat Transfer Mechanisms  
7.1. Preamble 
As yet, different nano-additives have been identified by advancements in modern 
technology of nano-lubricants which can afford lubricity along a varied range of 
temperatures [200, 201]. The nano-lubrication performance is mainly related to the 
quantity, structure, and morphology of the added nano-additives, and the way that resultant 
nano-fluids get presented to the tool–chip interface area [145]. The nano-cutting fluid usage 
showed effective results to decrease the induced friction between two contact surfaces. 
[202]. On the other hand, the physical analysis of nano-lubricants [141] demonstrates that 
dispersed nano-additives can easily penetrate into the rubbing surfaces and have a large 
elasto-hydro-dynamic lubrication effect. Also, nano-cutting fluids offered effective cooling 
capabilities which could withstand the high generated temperatures especially during 
cutting difficult-to-cut materials [203, 204]. In order to provide a solid physical 
understanding of the cutting processes using nano-fluids, this chapter is focused on 
studying and analyzing the nano-cutting fluid tribological mechanisms during machining 
processes. 
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Also, in this chapter, analyzing the nano-cutting fluid tribological and heat transfer 
mechanisms is presented and discussed through a comparative performance analysis 
between MWCNTs and Al2O3 nano-cutting fluids. Two proposed models are developed; 
the first model is discussing the induced wear by nano-additives, while the second model 
is investigating the nano-cutting fluids effects on the heat transfer characteristics. The 
proposed models findings provide a clear physical evidence which proves that MWCNTs 
nano-fluid offers better tribological and heat transfer characteristics than Al2O3 nano-
fluids.  
7.2. MQL Nano-Cutting Fluid Mechanisms 
Nano-additives dispersed in lubricant are a novel engineering material consisting of 
nanometer-sized additives dispersed in a base fluid. It is an effective method of reducing 
the friction between two contact surfaces through the rolling effect of nano-additives. 
However, nano-additives are expected to be able to withstand high temperatures during 
machining, in addition to non-toxicity, ease of applicability and cost effectiveness. Nano-
lubricant efficiency depends on morphology, crystal structure, size, quantity and the way 
nanoparticles are introduced to the tool-workpiece interface [145]. As mentioned before, 
using nano-additives with vegetable oil as a base cutting fluid under using MQL system 
could establish two desired objectives; enhancing the machining quality characteristics 
since nano-additives improve the friction and thermal behavior, and accomplishing a 
sustainable process as using MQL with vegetable oils provide effective environmental 
benefits. Thus, understanding the MQL nano-fluid mechanisms is so important. Two main 
mechanisms are concluded from different literature studies; rolling and ploughing 
mechanisms. 
7.2.1. Rolling Mechanism 
The rolling MQL nano-fluid mechanism is defined as following [205]: 
- By applying a source of compressed air, the nano-cutting fluid is atomized into the 
MQL nozzle and it results in a very fine mist;  
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- The resultant mist represents the nano-additives surrounded by a thin base fluid 
film.  This mist could penetrate the cutting zone as its velocity is significantly larger 
than cutting tool velocity since it can pass through the tool pores and grain fractured 
groves; 
- Thus, the droplets of the nano-cutting-fluid are formed on the workpiece and cutting 
tool surfaces and a tribo-film is also formed which significantly enhances the 
tribological characteristics and reduces the induced friction; 
- Due to the increasing of nano-additive concentration, which increases the number 
of nano-additives at the tool-workpiece interface; these nano-additives perform a vital 
role as spacers, eliminating the contact between the tool and workpiece.  A schematic 
for the rolling mechanism is provided as shown in Figure 7.1; 
 
7.2.2. Ploughing Mechanism 
The ploughing MQL nano-fluid mechanism is concluded as following: 
- When the nano-fluid is dispersed in the cutting zone, a number of nano-additives 
are embedded into the machined surfaces. Some nano-additives have a rolling effect 
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Nano-additive 
Figure 7-1 Schematic of the rolling MQL-nano cutting fluid mechanism 
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- Due to the high compression with increasing the nano-additives concertation, the 
nano-additive shape is changed and shearing would be more intense. Some of the nano-
additives are partially ejected by other additives that left the nozzle into the cutting 
zone; 
- The ploughed-off nano-additives left thin exfoliated film on the contact area due to 
the high loading damage as mentioned before in a previous study [206]. Meanwhile, at 
higher concentrations, the nano-additives that filled the surface cavity were sheared off 
by other nano-additives. Thus, when there is an abundance of nano-additives in the 
resultant cutting fluid, they collide with, and are impeded by the asperities on the work 
surface and hence generate higher cutting forces; 
- Since the ploughed-off nano-additives left thin exfoliated film on the contact area 
due to the high contact resistance and the extreme pressure at the cutting zone, the 
formation of a protective nano-additive thin film (a chemical reaction layer) on the 
machined surface could be noticed and that prevents the induced cutting temperature 
from dissipating into the workpiece material. As a result, large amounts of heat 
generated in the cutting zone alter the elasto-hydrodynamic lubrication to boundary 
lubrication. A schematic for the ploughing mechanism is provided as shown in Figure 
6-9; 
- Therefore, due to the nano-additive extreme pressure in the resultant nano-cutting 
fluid and existence of a gap between tool–workpiece interfaces, nano-additives provide 
high contact resistance which helps in forming a chemical reaction film on the 
workpiece surface (see Figure 7-2). The increase of nano-additives concentration 
increases the growth of the thin protective film on the machined surface as has been 









Figure 7-2 The formation of a protective nano-additives thin film 
7.2.3. Nano-Cutting Fluid Wear Mechanism 
Nano-additives ploughing on the surface can induce abrasive wear that is proportional 
to the cross section of nano-additives to surface interference as shown in equation (7.1) 
which has been developed in a previous study [182]. The wear schematic is also provided 
as shown in Figure 7-3 where VNAis the wear volume induced by nano-additive, L is sliding 
distance, ȵ(𝑦) is the number of nano-additives per nominal area of contact, ø is size 
distribution of nano-additives, ACS is interference cross sectional area of nano-additive with 
surface, D is the nano-additive size, and ω is the nano-additive indentation. 
During the cutting process using nano-cutting fluid, the induced nano-additive wear 
can be categorized into three cases: 
- The nano-additive induced wear is greater than the cutting tool wear 
- The nano-additive induced wear is less than the cutting tool wear 
- The nano-additive induced wear is equaled to the cutting tool wear 
VNA
L
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Figure 7-3 The nano-additive abrasive wear schematic 
During the first case where the nano-additives induced wear is greater than the cutting 
tool wear, the nano-additives (wt. %) would increase the induced wear. Regarding the 
second case where the nano-additive induced wear is less than the cutting tool wear, the 
nano-additive (wt. %) would not change the wear practically. The mending effect could be 
observed in the third case as the nano-additives induced wear is almost equal to the cutting 
tool wear. The induced nano-additives wear categories offer a clear understanding of the 
ploughing and rolling mechanisms occurrence conditions. As long as the induced nano-
additive wear is less than the cutting tool wear, it means that the dominant mechanism is 
rolling. On the other hand, if the induced nano-additive wear is greater than the cutting tool 
wear, it means that the dominant mechanism is ploughing. While the mending effect 
represents a critical condition between the ploughing and rolling effects. 
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7.2.4. Effects of Nano-Additives Concentration 
Depending on the nano-additive rolling mechanism which has been discussed earlier, 
the increasing of nano-additives concentration would lead to increase the number of nano-
additives at the tool-workpiece interface, and therefore these nano-additives would serve 
as spacers, eliminating the contact between tool and workpiece. As a result, the induced 
coefficient of friction would be decreased. This investigation confirms the same findings 
presented in a previous study (see Figure 7-4) [182]. On the other hand, when there is an 
abundance of nano-additives in the resultant nano-fluid, they collide with and are impeded 
by the asperities on the work surface (i.e., ploughing mechanism), and hence that generates 
higher cutting forces. As a result, the nano-additive induced wear is increased with 
increasing the nano-additives concretion as similarly discussed in the same mentioned 
study [182] (see Figure 7-4). 
 
Figure 7-4 The induced nano-additive wear and coefficient of friction versus nano-
additives concentration [182] 
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A previous study [208] found that the nano-additives ploughing effect rather than its 
rolling effect is predominant for larger size nano-additives, and it causes more craters, 
scratches, and grooves on both surface than that for small size nano-additives, and therefore 
the former would have higher surface roughness values. The previous investigation has 
discussed two main aspects; (a) the relationship between the nano-additive size and the 
ploughing and rolling occurrence conditions, and (b) the nano-additive size effects on the 
induced friction. The first aspect does not confirm the physical interpretation revealed 
through the proposed nano-additive wear model obtained in equation (7.1). According to 
equation (7.1), the nano-additive induced wear is directly proportional to the number of 
nano-additives per nominal area of contact (ȵ(y))  which could be expressed as shown in 
equation (7.2). In this equation, d is the separation distance between the workpiece and 
cutting tool surfaces,NNA is Number of nano-additives, ANis the nominal area, ρe is the 
resultant nano-fluid density,ρNA is the nano-additive density, and VolNAis the nano-
additive volume.  
In addition, the nano-additive induced wear is directly proportional with interference 
cross-sectional area of nano-additives(VNA α  ACS). From equations (7.1) and (7.2), it can 
be concluded that the induced nano-additive wear is inversely proportional to the nano-
additive volume(VNA α NNA α  
1
VolNA
). Thus, in case of nanoparticles, the nano-additive 




Similarly, in case of nano-tubes, the nano-additive induced wear is inversely proportional 
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On the other hand, in case of nanoparticles, the interference cross-sectional area of 
nano-additive would be approximately circular, so the nano-additive induced wear is 
directly proportional to the nano-additive diameter(VNA α  ACS α  D
2).  Similarly, in case 
of nano-tubes, the nano-additive induced wear is directly proportional to the nano-additive 
diameter at constant nanotube length (VNA α  ACS α  Dl).  The previous analysis schematic 
has been summarized as shown in Figure 7-5. Thus, it can be generally concluded that the 
nano-additive induced wear is inversely proportional to the nano-additive diameter for both 
cases; nano-particles or nano-tubes (VNA α  
1
D 
).   
 
Figure 7-5 The nano-additive size effects analysis on the induced nano-additive wear for 
both cases; nano-particles and nano-tubes 
As a result of the current analysis, using larger nano-additive would decrease the nano-
additive wear and accordingly decrease the ploughing occurrence conditions. Some 
previous works [203, 204]  studied experimentally the nano-additive size effects on the 
nano-additive induced wear and their results confirm that the nano-additive induced wear 
is inversely proportional to the nano-additive diameter as shown in Figure 7-6.  
 
 




Figure 7-6 Nano-particles size effects on the induced nano-particles wear [182] 
Although increasing the nano-additive size leads to decrease the nano-additive wear, 
it would decrease the number of nano-additives per nominal area which would accordingly 
lead to increase the induced friction. This investigation meets the same finding discussed 
by Choi, et al. [208] and Rahmati, et al. [139]. In addition, a previous work [182] studied 
the nano-additive size effects on the induced coefficient of friction and it confirms with the 
same previous findings (see Figure 7.7). Finally, it should be stated that the nano-additives 
concentration and size parameters should be controlled and optimized in order to avoid the 
drastic ploughing effects and high induced friction. 
7.3. The Induced Nano-additive Wear Model 
In this section, a comparative performance analysis between MWCNTs and Al2O3 in 
terms of the induced nano-additive wear is proposed and discussed.  
The ratio between ȵNP to ȵNT at same nano-additive distribution, weight percentage, 
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In addition, nano-additives are assumed to have a normal Gaussian size distribution 












By approximation, the integration portion ratio in equation (7.2) can be numerically 
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∫ πD2 ø(D) dD
∞
0










Moreover, for nano-additives weight percentage up to 6 wt. % (which is commonly 
used limit in the previous studies), the nano-fluid density ratio (
ρsol−NP
ρsol−NT
) given in equation 







From equations 7.5 and 7.6, 
ȵNP
ȵNT
 can be simplified as shown in equation (7.7) where l 
and D should be in mm, and 
 ρNT
 ρNP
















The interference cross-sectional area for both nanotubes and nanoparticles is provided 
in Figure 7.8 as has been discussed in the Hertz contact theory [209]. The contact area radii 
for cases I and II are  provided as shown in equations 7.8 and 7.9 [209] where ν2 is the 
workpiece Poisson ratio,E2 is the work-piece Young's modulus, R is the nano-additive 

















Circular contact area, resulting in a semi-
elliptic pressure distribution 
Rectangular contact area with semi-
elliptical pressure distribution 
 
ACS−I = πa
2 ACS−II = πbl 
 
Case I: sphere on a flat plate Case II: cylinder on a flat plate 
Figure 7-8 The contact area schematic for two cases; case I: sphere on a flat plate, case II: 











































































Using equations 7.8 and 7.9, the ratio between the contact area of case I to case II is 


























Using equations 7.7 and 7.10, (
ȵNP ACS−NP
ȵNTACS−NT
) could be calculated as shown in equation 
(7.11). Assuming that the sliding distance is constant during both cases, this ratio could 

























The next step is implementing the proposed model into the studied experimental cases 
(i.e., using MWCNTs and Al2O3). The nano-additives density and size data is provided in 
Table 7-1. By substituting the nano-additives data listed in Table 7-1 into equation (7.11), 
the induced wear volume ratio (
VNP
VNT
) could be expressed as shown in equation (7.12). 
 

















Table 7-1 MWCNTs and Al2O3 size and density data 
 MWCNTs Al2O3 














In order to validate the effectiveness of the proposed model with previous machining 
results, Inconel 718 has been used as workpiece material. The predicted model for Inconel 
718 is provided as shown in equation (7.13). In addition, the resultant applied force effect 
on the induced wear volume ratio for Inconel 718 is plotted as shown in Figure 7-9. It can 
be clearly concluded from equation (7.13) and Figure 7-9 that MWCNTs offer better result 
than Al2O3 in terms of the induced nano-additive wear. This investigation would justify 
and provide a physical interpretation regarding the previously demonstrated machining 
results as MWCNTs-nano-fluid offers better cutting performance than Al2O3 nano-fluid in 
terms of flank wear, surface roughness and energy consumption. A schematic for the 
current conclusion is provided in Figure 7-10. It is claimed that both nano-fluids decrease 
the classical cutting tool wear; however, they cause another type of wear due to the nano-
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The proposed comparative performance analysis model discussed the induced nano-
additive wear for both nanoparticles and nanotubes scenarios. The proposed model findings 
are consistent with the experimental results demonstrated in a previous study as both 
studies findings confirmed that MWCNTs nano-fluid offer better tribological performance 
than Al2O3 nano-fluid. 
 
Figure 7-9 The resultant applied force effect on the induced nano-additive wear ratio in 
case of Inconel 718 
To sum up the tribological effects of MQL-nano-fluid, two main mechanisms have 
been presented and discussed; rolling and ploughing mechanisms. In addition, the nano-
additives size and concentration effects on the induced coefficient of friction and induced 
nano-additive wear have been discussed. Also, the induced nano-additive wear 
categorizations presented in this work offers a clear understanding of the occurrence 
conditions of the ploughing and rolling mechanisms. Finally, a proposed model has been 
developed throughout this work in order to evaluate the tribological effects of nanotubes 
and nanoparticles-based fluids on the cutting tool performance. The proposed model 
presents a solid physical evidence which proves that MWCNTs nano-fluid offers better 
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Figure 7-10  Schematic of the overall tool wear without/with nano-cutting fluids (i.e., 
nanoparticles or nanotubes) 
 
7.4. The Nano-Cutting Fluid Heat Transfer Mechanisms: A 
Comparative Performance Analysis between MWCNTs and Al2O3 
As mentioned earlier, the nano-cutting fluid heat transfer mechanisms could be 
categorized into two cases according to the induced nano-additives mechanisms (i.e., 
rolling or ploughing). In the case of rolling effect, the heat convection mechanism is only 
occurred as the nano-cutting fluids help in dissipating the generated cutting heat in the 
workpiece-tool interface area to the ambient environment. Regarding the ploughing effect, 
both heat convection and conduction mechanisms could occur as the ploughed-off nano-
additives left thin exfoliated film which forms a protective nano-additive layer (a chemical 
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This thin film/layer would decrease the cutting heat transfer into the workpiece. In this 
section, a general nano-cutting fluid heat transfer model is proposed. This model 
accommodates the general case (i.e. ploughing effect) which includes both the convection 
and conduction mechanisms. According to the first law of thermodynamics stated in 
equation (7.14), the change in the stored energy of a closed system(
 ΔEstored
Δt
) is equal to the 
input thermal energy rate (Ein)̇ , minus the amount of work done by the system on its 
surroundings or it can be called the output thermal energy rate (Eout)̇ . 






Regarding the input thermal energy rate during the nano-cutting fluid usage (q′′′d), 
the making process of nano-additives transfers the potential energy from the cutting 
tool(q1
′′′), and then it is converted into kinetic energy for the workpiece surface atoms and 
dissipated as heat. The nano-additives convert the kinetic energy to the workpiece surface 
in order to break the binding strength between the surface and sub-surface atoms of the 
workpiece. In addition, it is found that large interacting force between the nano-additives 
and workpiece would reduce the surface energy of workpiece as has been presented and 
discussed in a previous work [210]. The previous discussion (1st scenario) can be valid 
only in case of nano-additive rolling effects as shown in equation (7.15). 
q′′′ = q1
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Because of the incremental increase of nano-additive concentration (which increases 
the number of nano-additives at the tool-workpiece interface), an additional amount of heat 
generation (q2
′′′) should be considered since the nano-additives collide with each other, and 
are impeded by the asperities on the work surface, and they are sheared off by other new-
ejected nano-additives. This extra amount is directly proportional to the wear volume 
induced by nano-additive(VNA). The second scenario is valid in the case of nano-additive 
ploughing effect as shown in equation (7.16). 
q′′′ = q1
′′′ + q2





As has been mentioned earlier, the proposed nano-cutting fluid heat transfer model 
considers the general case only (the second scenario) which includes both the convection 
and conduction mechanisms.  By applying the 1st law of thermodynamics into the studied 
scenario, the preliminary model could be expressed as shown in equation (7.17). In this 
equation, h is the heat convection coefficient of the nano-cutting fluid mist, Tinterface  is 
the workpiece-tool interface temperature, T∞ is the ambient temperature, K is the heat 
conduction coefficient of the protective nano-additive layer, s is the protective nano-
additive layer thickness, Tfilm is the protective nano-additive layer temperature, TS1is the 
machined surface temperature, fc is the cutting force, v is the cutting velocity, to is the 
undeformed chip thickness, w is the chip width, mfilm is the protective nano-additive layer 
mass, As is the surface area of the protective nano-additive layer, and C is the protective 
film specific heat. The system schematic is provided as shown in Figure 7-11. 
q′′′d − h (Tinterface − T∞) −
k
s
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mfilm can be expressed in terms of the protective nano-additive layer volume (Vfilm) 
and density(ρ film). In addition, the protective film volume could be expressed in terms of 
Vfilmand s as shown in equation (7.18). The modified model could be expressed as shown 
in equation (7.19). 
 
 
V film = As s (7.18) 
q′′′d − h(Tinterface − T∞) −
k
s
(Tfilm − TS1) −
fcv
tow




A protective nano-additive thin film 
Workpiece 






Figure 7-11 The schematic of the nano-cutting fluid heat transfer model 
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By multiplying both sides by ( 
s
k
 ), the modified model could be expressed as shown 


















It can be found that 
h s
k
 is expressing the Biot number (Bi) as shown in equation (7.21). 
It is an index used in heat transfer calculations, and it is used to express the ratio of the heat 
transfer resistances inside of and at the surface of a body. Since increasing the heat 
dissipation to the ambient environment is required during the cutting process, so the Biot 
number is considered as a higher-the-better index. It means also that increasing the heat 
convection coefficient of the nano-cutting fluid mist and the protective nano-additive layer 






Also, It can be found also from equation (7.20) that 
ρ filmCp
k
  is expressing the inverse 
of the thermal diffusivity ( 
1
α
 ) as shown in equation (7.22). Thermal diffusivity measures 
the rate of heat transfer of a material from the hot side to the cold side. According to the 
modified model provided in equation (7.20), ( 
1
α
 ) should be a higher value in order to 
enhance the heat transfer resistances inside of and at the machined surface. It means that α 
is considered as a lower-the-better index. From equations 7.20, 7.21, and 7.22, the final 
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The next step is to evaluate the MWCNTs and Al2O3 heat transfer performance 
depending on the previously proposed heat transfer model and its associated discussion. In 
order to perform a comparative performance analysis between MWCNTs and Al2O3 nano-
fluids, the heat convection coefficient and thermal diffusivity of the resultant nano-mist 
should be calculated. The detailed steps for their calculations are presented and discussed 
throughout Chapter 8. The heat convection coefficient results for MWCNT and Al2O3 
nano-fluids using different wt. % are provided as shown in Figure 7-12, while the thermal 
diffusivity results are provided in Figure 7-13.   
 
Figure 7-12 The heat convection coefficient results for MWCNTs and Al2O3 nano-fluids 
mist 
Regarding the heat convection coefficient results (see Figure 7-12), an improvement 
percentage of 4.25% for 2 wt.% MWCNTs nano-fluid has been observed compared to 
Al2O3 nano-fluid with the same weight concertation, while 4 wt.% MWCNTs nano-fluid 
showed higher heat convection coefficient value by 7.82% in comparison with 4 wt.%. 
Al2O3 nano-fluid. In terms of the thermal diffusivity results (see Figure 7-13), an 
improvement percentage of 13% for 2 wt.% MWCNTs nano-fluid has been observed 
compared to 2 wt.% Al2O3 nano-fluid, while 4 wt.% MWCNTs nano-fluid showed lower 
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It can be concluded from Figures 7-12 and 7-13 that MWCNTs nano-fluid provides 
better heat transfer performance than Al2O3 nano-fluid for both thermal diffusivity and heat 
convection coefficient results. 
Figure 7-13 The thermal diffusivity results for MWCNTs and Al2O3 nano-fluids mist 
7.5. Summary 
This chapter provides a clear understanding of the MQL-nano-cutting fluids 
mechanism. Two main mechanisms have been presented and discussed; rolling and 
ploughing mechanisms. In addition, the nano-additives size and concentration effects on 
the induced coefficient of friction and induced nano-additive wear have been discussed. 
Two proposed models have been developed throughout this chapter in order to evaluate 
MWCNTs and Al2O3 nano-cutting fluids performance. The first model is related to the 
induced nano-additive wear, while the second model is discussing the heat transfer 
performance analysis when machining with MQL-nano-fluids. MWCNTs-based nano-
fluid provides better results within both proposed models. The proposed models present a 
solid physical evidence which proves that MWCNT nano-fluid offers better tribological 
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Chapter 8 Finite Element Modeling of 
Machining with Nano-Cutting Fluids under MQL  
8.1. Preamble 
The generated heat during cutting processes doesn’t only accelerate the tool wear rate, 
but also affects the physical properties of the machined surface. Measuring the generated 
cutting temperature and resulting residual stress directly during machining processes is a 
challenge task because of the dynamic nature of cutting process and the small contact areas 
at the tool-workpiece and tool-chip interfaces. Thus, the finite element (FE) modeling is a 
useful tool to provide an adequate and quick estimation of the induced heat and residual 
stresses under different machining conditions. Previous studies have focused on 
developing FE models to investigate different characteristics during machining difficult-
to-cut materials such as cutting forces [211], lubrication and cooling effects [212], and chip 
shape characteristics [213]. Also, different studies have focused on the aspects of the 
numerical modeling and simulation of machining Inconel 718 [214-217] and Ti-6Al-4V 
[218, 219]. In addition, some researchers focused on finite element analysis of minimum 
quantity lubrication machining Ti-6Al-4V using a developed friction model [220]. 
Additional research works have developed computational fluid dynamics models to 
investigate the MQL effects on machining processes [221-223].   




In spite of many published studies on FE modeling and simulation of machining with 
MQL, there is a research gap in finite element modeling of machining with MQL-nano-
cutting fluids. In this chapter, an integrated finite element model is developed in order to 
analyze various unique aspects of machining with nano-fluids under minimum quantity 
lubrication during cutting Inconel 718 and Ti-6Al-4V alloys. These aspects include the 
characteristics of heat transfer of the resultant nano-cutting fluid, the interactions between 
the cutting tool and workpiece, the temperature at different zones, and the machining 
induced resulting residual stresses. The novelty of this work lies on developing an 
integrated finite element model to analyze various unique aspects of machining with nano-
fluids under minimum quantity lubrication during cutting Inconel 718 and Ti-6Al-4V 
alloys. 
Two main phases have been employed to develop the integrated finite element model. 
The first phase simulated the thermal effect of the resultant nano-fluid mist through 
developing a 2-D Axisymmetric Computational Fluid Dynamics (CFD) domain 
representing the volume occupied by the mixture from inside the MQL nozzle to the 
interface area between the machined surface and the tool. In the second phase, the 
effectiveness of the use of MQL-nano-cutting fluid in terms of cutting temperature and 
resulting residual stresses have been presented using Lagrangian modeling approach using 
ABAQUS/Explicit.  
8.2. Modeling Phases Descriptions 
In order to develop a finite element model which provides an accurate prediction of 
the cutting processes using MQL-nano-cutting fluids, an integrated finite element model 
has been established. The integrated model includes two main phases: 




Phase I: (MQL-nano-cutting fluid simulation): developing a computational fluid 
dynamics model to analyze the heat transfer characteristics of MQL-nano-cutting fluid at 
different cutting temperatures. In order to simulate the thermal effect of the resultant nano-
fluid mist, a boundary film on the machined and cutting tool surfaces is applied. This 
boundary film expresses the nano-fluid mist using different heat convection coefficients 
values at different cutting temperatures. ANSYS-FLUENT module (two-phase flow) has 
been used in order to determine the heat convection coefficients of the boundary film under 
different cutting temperatures. The previous studies have focused on simulating the applied 
coolant (boundary film) with constant heat convection coefficient; however, the coolant's 
convection coefficient varies with the induced cutting temperature. Thus, the current model 
accommodates this situation to accurately simulate the effect of MQL-nano-fluid. 
Phase II: (cutting process simulation): the effectiveness of the use of MQL-nano-
cutting fluid in terms of cutting forces, temperature and resulting residual stresses has been 
analyzed using finite element modeling based on the Lagrangian approach. 
The schematic of the proposed integrated model is provided in Figure 8-1. 
8.3. MQL-Nano-Cutting-Fluids Thermo-Physical and Heat Characteristics 
(Theoretical Approach) 
The characteristics of the nano-cutting fluids used in this study are as follows: 
- The resultant thermal conductivity is (Ke) 
- The resultant viscosity (µe) 
- The resultant density (ρe) 
- The resultant specific heat (C) 
The used nano-additives and vegetable oil properties are provided in Table 8-1.  
 






Figure 8-1 The integrated FE model phases 
Table 8-1 The used nano-additives and base oil thermo-physical properties 
 MWCNTs Base oil 
ρ (gm/cm3) 2.1 0.92 
K (W/m K) 3000 0.58 
C (KJ/Kg K) 35 1.67 




In order to determine the resultant thermal conductivity (Ke), equation (8.1) [224] 
could be used knowing that n value should be 3 in the case  of nano-particles and 6 in the 
case of carbon-nano tubes, Ʋp is the nano-additive volume fraction, “m” refers to the base 
oil and “p” refers to the nano- additives. 














The resultant nano-fluid viscosity (µe) is determined as shown in equation (8.2) [225], 
while the resultant nano-fluid density (ρe) is provided as shown in equation (8.3). 
µe = µm (1 + 2.5  Ʋp) (8.2) 
ρe = ρm(1 − Ʋp) + Ʋpρp 
(8.3) 
 
The resultant nano-fluid specific heat (C) can be determined as mentioned in equation 
(8.4). The studied nano-cutting fluids characteristics for both MWCNTs are calculated 
according to the previous equations and their results are given in Table 8-2. 
 
C = Cbf(1 − Ʋp) + ƲpCp 
(8.4) 
 
As mentioned in previous studies, with utilizing compressed air, the nano-fluid is 
atomized into the MQL nozzle and it results in a very fine mist. Thus, in order to investigate 
the MQL-nano-fluid effects, the induced mist (mixture) characteristic should be calculated 
depending on the air and resultant nano-fluid volumetric concentrations; for example, the 
mist density is calculated as shown in equation (8.5). The resultant mist characteristics 
results are determined and provided as shown in Table 8-3. 
 




Table 8-2 The studied nano-cutting fluids characteristics results 
 MWCNTs- 2 wt. % MWCNTs- 4 wt. % 
ρe (Kg/m
3) 930.384 940.65 
µe (N s/m
2) 0.07154 0.0730625 
Ke (W/m K) 1.191 1.222 
C (J/Kg K) 1963.304 2253.275 
ρmist = ρnano−fluid(1 − Ʋair) + Ʋair ρair 
(8.5) 
 
Table 8-3 The resultant mist characteristics  
 MWCNTs- 2 wt. % MWCNTs- 4 wt. % 
ρmist (Kg/m
3) 414.14 418.70 
µmist (N s/m
2) 0.0318 0.0325 
Kmist (W/m K) 0.5645 0.5774 
Cmist(J/Kg K) 1441.32 1570.18 
 
In order to simulate the MQL-nano-cutting fluids effects, the heat convection 







Where h is the heat convection coefficient, Nux is the MQL-nano-cutting fluid Nusselt 
number, and Lc is the characteristics length.  The characteristic length in the current case 
should be the distance between nozzle and target plane. In addition, MQL-nano-cutting 
fluid mechanism is categorized as a liquid jet impingement cooling mechanism. In order 
to predict the resultant mist flow regime, Reynolds number should be calculated as shown 
in equation (8.7), where Vmist is the average mist velocity which can be determined from 
the principle of conservation of mass as shown in equation (8.8) assuming constant nozzle 
cross-sectional area.  Reynolds number results at an average value of Lc (2.5 mm) are 
provided as shown in Table 8-4. 
















Table 8-4 The average Reynolds number results 
 MWCNTs- 2 wt. % MWCNTs- 4 wt. % 
ReLc,mist 12 11.88 
 
Since the MQL-nano-cutting fluid mechanism is categorized as a liquid jet 
impingement cooling mechanism and the flow regime is laminar depending on the 
Reynolds number results, the "laminar stagnation-zone boundary layer" case has been 
selected [226] in order to determine the Nusselt number values as provided in equation 
(8.9). As can be seen in equation (8.9), the Nusselt number depends on the Prandtl number 
function (G(Pr)) and the dimensionless velocity gradient (B′). The Prandtl number should 
be determined as shown in equation (8.10) in order to select the appropriate Prandtl 
function as can be observed in equation (8.11). The Prandtl number results are calculated 
as shown in Table 8-5. According to these results, the third Prandtl number function in 
equation (11) is selected to calculate the Nusselt number. In addition, the dimensionless 
velocity gradient (B=1.486) value has been selected as mentioned in some previous studies 
[226, 227] as it mainly depends on the nozzle size, distance between nozzle and target 
plane, and jet Weber number. 
Once the appropriate Prandtl function has been selected and determined, the average 
Nusselt number and heat convection coefficients values are calculated using equations 
(8.9) and (8.6), respectively. The Nusselt number and heat convection coefficients results 
are given in Table 8-6. 
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Table 8-5 Prandtl number results 
 MWCNTs- 2 wt.% MWCNTs- 4 wt.% 
Pr 81.24 88.37 
 
Table 8-6 The theoretical Nusselt number and heat convection coefficients results 
 MWCNTs- 2 wt. % MWCNTs- 4 wt. % 
NuLc
̅̅ ̅̅ ̅̅  10.78 11.04 
h̅ (W/m2 K) 2968.41 3108.52 
 
8.4. Phase I (MQL-Nano-Cutting Fluid Simulation) 
A 2-D Axisymmetric Computational Fluid Dynamics (CFD) domain has been 
constructed to represent the volume occupied by the mixture from inside the MQL nozzle 
to the interface area between the cutting tool and machined surface as shown in Figure 8-
2. The length of the mist channel inside the nozzle is integrated into the domain to obtain 
a fully developed velocity profile of the mist before it leaves the nozzle tip. The Length of 




the considered interface area has been chosen long enough to ensure insignificant end 
condition effects on the simulated domain. Quadrilateral elements have been used in the 
meshing construction. The CFD model simulates the MQL function of a stand-alone 
booster system (MQL-Unist) which was installed on the machine tool, and it has a nozzle 
diameter of 2.5 mm. Then, the CFD model results were ensured to be independent of mesh 
size through conducting several comparisons with other models have smaller mesh size. 
The CFD model uses the governing equations which are the conservation of mass, 
momentum, and the energy equations to simulate the global behavior of the air-mist 
mixtures. While for the detailed air-mist interaction, the mist's void fraction transport 
equation augmented with the algebraic mixture model is used. The numerical results 
convergence is claimed when the scaled imbalance in each of the conservation equations 
summed over all computational cells (residuals) becomes less than 10-3 (continuity 
equation) in any two successive iterations, while for all other governing equations, the 
convergence is satisfied when residual becomes less than 10-4. 
 
Figure 8-2 (2-D) Axisymmetric domain used in the CFD simulation 




The results of average heat convection coefficients obtained from the proposed CFD 
model at standard room temperature demonstrated a good agreement with the theoretical 
values calculated in the previous section. Figure 8-3 shows the CFD simulation and 
theoretical results for the average heat convection coefficients results. The highest accuracy 
has been observed under using MWCNT with 4 wt. % (about 99.7%), while using 2 wt. % 
offered 97.7% accuracy. Once the CFD model has been validated, it can be used to 
determine the heat convection coefficients at different temperatures.  
The results of average heat convection results for the studied cases with different 
applied temperatures are provided as shown in Figure 8-4.  
 
Figure 8-3 The CFD simulation and theoretical results for the average heat convection 
coefficients results 
 





Figure 8-4 The average heat convection results versus temperature 
8.5. Phase II (Cutting Process Simulation) 
In this phase, Lagrangian based FE model is developed and used to analyze the 
studied cutting processes after specifying the nano-fluid mist heat convection coefficient 
results throughout phase I. As mentioned earlier, a boundary film on the machined and 
cutting tool (rake and flank) surfaces is applied to model and simulate the resultant nano- 
mist effect. The quadratic-thermal-displacement plane strain elements have been used to 
mesh the current FE model. Meshing sensitivity has been performed to ensure the 
independency of mesh size of the obtained results. Several comparisons were made using 
models with different mesh size. The cutting force was used to validate the proposed FE 
model with the experimental results. The meshed parts (i.e., tool and workpiece) are 
provided as shown in Figure 8-5. In order to investigate the effects of MQL- MWCNTs 
performance, different orthogonal cutting trials for Ti-6Al-4V and Inconel 718 were 
performed with/without MWCNTs. The tests were conducted on a CNC lathe machine 
(Hass ST-10 CNC). The used depth of cut was 0.2 mm and the information of the used 
cutting tool is provided in Table 4-3. The thermo-viscous-plastic behavior of the workpiece 
material has been expressed using the Johnson–Cook (J-C) material model, while the 
element deletion (i.e., using Johnson–Cook’s model for progressive damage and fracture) 




has been used to model and simulate the chip separation using an approximate layer of 
elements. The material flow stress has been expressed by using the J-C hardening model 
provided in equation (8.12). This model can fit problems with higher strain rate ranges and 
temperatures variations because of the plastic deformation caused by thermal softening 
[228]. Also, the thermal conductance-option in ABAQUS has been used to simulate the 
thermal interaction effect between the workpiece and cutting tool.  
 










Figure 8-5 Finite element modeling of machining Inconel 718 (meshing view) 





Where equivalent stress is σ̅, the hardening modulus is B, the yield strength of the 
workpiece material at room temperature is A, the work-hardening exponent is n, the 
coefficient dependent on the strain rate is c, m is the thermal softening coefficient and ε̅ 
denotes the equivalent plastic strain. The strain rate ε̇̅  is normalized with a reference strain 
rate ε̇̅o of 1 s
-1. Tmelt and Troom represent the melting temperature and room temperature, 
respectively. Moreover, the Johnson-Cook damage model is used with J-C yield model. 








Where the increment of equivalent plastic strain is Δε̅, and ε̅f the equivalent strain to 
fracture. The element fracture is occurred when D =1.0, and then these elements are 
eliminated from the FE computation. The general expression for the fracture strain based 
on J-C damage is given in equation (8.14). 
ε̅f = (D1+ D2 exp  D3
σm
σ̅
 ) (1+ D4 ln 
ε̇̅
ε̇̅o







Where σm is the average of the three normal stresses and σ̅ is the equivalent stress. 
The J-C damage model accounts for high strain rate deformation, and so, it is appropriate 
to investigate the dynamic simulations. Jonson-Cook parameters and progressive damage 
model parameters for Inconel 718 [229] and Ti-6Al-4V [230] used in FE simulations are 
presented in Tables 8-7 and 8-8, respectively. The other properties for Inconel 718 and Ti-
6Al-4V are provided in Tables 4-1 and 4-2, respectively. 











damage model parameters 
A (MPa) 450 D1 0 
B (MPa) 1700 D2 0.66 
c 0.017 D3 -0.4 
n 0.65 D4 -0.017 
m 1.3 D5 0 
Tmelt (oC) 1350    
 







damage model parameters 
A (MPa) 1098 D1 -0.099 
B (MPa) 1092 D2 0.27 
c 0.014 D3 0.48 
n 0.93 D4 0.014 
m 1.1 D5 3.87 
Tmelt (oC) 1649    
Regarding the FE model boundary conditions, a constant cutting velocity has been 
used, and the workpiece bottom surface was restricted to move in all directions. In order to 
model the tool-workpiece and tool-chip contact areas, the Coulomb’s friction law has been 
employed. The mentioned assumption has been used based on  previous available results 
for finite element modeling of cutting processes [231]. According to the Coulomb’s law, 
when the chip shear stress τ is equal to or greater than the critical friction stress τc, the 
relative motion (slip) occur at the contact point. When τ is smaller than τc there is no relative 
motion and the contact point is in a state of sticking  [232]. The critical friction stress can 
be calculated as shown in equation (8.15), where p is the normal pressure at the contact 
point, and τth is the threshold value associated with the material failure. In addition, it 
should be stated here that τth is infinity when applying the law of conventional Coulomb 
frictional. In the current FE simulations, penalty method is used as a friction formulation. 
In addition, the equivalent strain to fracture and the induced coefficient of friction have 
been used in the current simulation in order to accurately represent the experimental cutting 
processes by comparing the FE and experimental cutting forces results. Using the measured 




cutting and feed forces (i.e., for all cutting tests), and the cutting tool rake angle, the 
coefficients of friction were determined. The coefficient of friction during cutting Inconel 
718 with 4 wt. % MQL-MWCNTs-fluid was about 0.41, while using 2 wt. % MWCNTs 
provides coefficient of friction of 0.49, and the coefficient of friction when machining with 
classical MQL was about 0.63. Regarding cutting Ti-6Al-4V, the coefficient of friction 
when using classical MQL was 0.51, while the coefficients of friction when using 2 wt. % 
and 4 wt. % MWCNTs, were found to be 0.37, and 31, respectively. 




The generated cutting forces, residual stresses, and temperatures have been selected to 
evaluate the performance of the applied MQL-nano-cutting fluid, as will be discussed in 
the next sections. 
8.5.1. Effect of MQL-Nano-Cutting Fluid on Cutting Forces 
Cutting force is an important characteristic which can offer an adequate prediction of 
the tool performance. The cutting parameters settings during orthogonal turning of Inconel 
718 are speed of 40 m/min, feed rate of 0.2 mm/rev, and depth of cut of 0.2 mm. In the 
orthogonal cutting of Ti-6Al-4V, the cutting conditions are as following: cutting speed 170 
m/min, feed rate 0.1 mm/rev, and depth cut of 0.2 mm. During the cutting tests, the force 
sensors (KISTLER) have been mounted on specially designed fixture in order to measure 
the induced cutting forces. In the current work, the experimental cutting forces have been 
used to validate the developed finite element model. Three cases have been used to obtain 
the effectiveness of using MQL (see Table 8-9). The variation of cutting force generated 
in experiments and FE simulations during machining Inconel 718 using 2 wt. % MWCNTs 
(cutting test 2), 4 wt. % MWCNTs (cutting test 3), and without MWCNTs (cutting test 1) 
can be found as shown in Figure 8-6. The improvement in the machining performance 
when using MWCNTs-nano-fluid is obvious, as shown in Figure 8-6. It is noticed that the 
cutting force magnitude during cutting with MWCNTs is lower compared to the cutting 
processes done without-MWCNTs. It is mainly due to the boundary film effect that 




enhances the heat capacity performance as well as the simulated friction behavior 
(coefficient of friction) presented and discussed in the previous section. 
Table 8-9 The studied lubrication scenarios (cutting tests) 
Lubrication technique Cutting test # 
Pure MQL 1 
MQL + 2 wt. % MWCNTs 2 
MQL + 4 wt. % MWCNTs 3 
 
Figure 8-6 Cutting forces results with/without MWCNTs during machining Inconel 718 
As shown from Figure 8-6, the simulated and experimentally measured cutting forces 
showed better agreement in cutting test 1 (accuracy % ≈ 90%) than cutting test 2 (accuracy 
% ≈ 82.3%) or cutting tests 3 (accuracy % ≈ 79.6 %). It is mainly due to neglecting the 
ploughing effect during the simulation. When the nano-fluid mist is dispersed in the cutting 
zone, a number of nano-additives are embedded into the machined surfaces. Some nano-
additives have a rolling effect while others are sheared due to very high pressure in the 
cutting zone (i.e., ploughing effect) as shown previously in Figure 6-9 [139]. Thus, the 
current integrated FE model can be enhanced by constructing a hybrid model that can 
simulate both the chip formation mechanism as well as the nano-additives collisions 
occurred when they are sheared off by other new-ejected nano-additives. Similarly, for 
cutting tests performed on Ti-6Al-4V (see Figure 8-7), the experimental and simulated 
cutting forces showed better agreement in cutting test 1 (accuracy ≈93.7%) than cutting 
test 2 (accuracy ≈ 79.6%), or cutting tests 3 (accuracy % ≈ 82.2 %). As shown in Figure 




8-6 and Figure 8-7, the cutting forces accuracy during tests performed with 2 wt. % and 4 
wt.% MWCNTs-nano fluid is lower than cutting test 1 (without MWCNTs). During cutting 
Inconel 718, cutting test 2 (2 wt. % MWCNTs) showed better agreement than cutting test 
3 (4 wt. % MWCNTs). However, during cutting Ti-6Al-4V, cutting test 3 (4 wt. % 
MWCNTs) showed better agreement than cutting test 2 (2 wt. % MWCNTs). It is mainly 
attributed to the dual-effect of the nano-additives concentration which has been previously 
discussed in Chapter 7. In other words, increasing the nano-additives percentage reduces 
the coefficient of friction; however, it could increase the induced nano-additives wear as 
mentioned in some previous studies [261-263]. 
  
8.5.2. Effect of MQL-Nano-Cutting Fluid on Cutting Temperature 
The developed finite element model showed also another evidence to verify the 
improvement in the machining performance with MWCNTs-nano-fluid. The FE simulated 
temperatures generated along the cutting edge with/without MWCNTs-nano-fluid during 
machining Inconel 718 are obtained. In comparison with the test performed without 
MWCNTs, the average cutting temperature during machining with 2 wt. % or 4 wt. % 
MWCNTs-nano-fluid tools is rather low. It is mainly due to the boundary film effect which 
enhances the heat dissipation performance and accordingly lower values of cutting 
temperature have been observed beneath the cutting tool. According to the FE results, a 
 
Figure 8-7 Cutting forces results with/without MWCNTs during machining Ti-6Al-4V 




reduction percentage of 47.1% in the average generated cutting temperature at the tool-
chip interface area has been observed between cutting tests 1 and 2, while a reduction 
percentage about 60% has been observed between cutting test 1 and 3 as shown in Figure 
8-8. The difference in the generated temperature results between cutting test 2 and cutting 
test 3 is mainly due to the heat transfer convection effect which previously presented and 
discussed (see Table 8-6 and Figure 8-4). Also, Figure 8-9 shows the temperature 
distribution along the tool-chip interface zone for all cases, which demonstrates the 
significance of using MQL-nano-fluid. 
Similarly, during machining Ti-6Al-4V, a reduction percentage about 51% in the 
average generated cutting temperature has been noticed between cutting tests 1 and 2, while 
a reduction percentage of 60% has been observed between cutting test 1 and 3 as shown in 
Figures 8-10. Also, similarity to the results of Inconel 718, the temperature distribution 
along the tool-chip interface zone when machining Ti-6Al-4V with/without MWCNTs-




Figure 8-8 Simulated results of average cutting temperatures with/without MWCNTs-nano-fluid 
during machining Inconel 718 
 





The previous investigations demonstrate the advantage of using MQL-nano-fluid 
technique in terms of enhancing the cutting process performance by forming a tribo-film 
along the workpiece and tool surface which decreases the induced friction as well as the 
shear stresses in the secondary and tertiary shear zones. Thus, that decrease the generated 






































Figure 8-9 The temperature distribution along the chip-tool interface with/without MWCNTs-
nano-fluid during machining Ti-6Al-4V 







Figure 8-11 The temperature distribution along the chip-tool interface with/without MWCNTs-






































Figure 8-10 Simulated results of average cutting temperatures with/without MWCNTs-nano-fluid 
during machining of Ti-6Al-4V 
 




8.5.3. Effect of MQL-Nano-Cutting Fluid on Residual Stresses  
The machining induced residual stress is an important characteristic that affect the 
surface integrity. Machining induced residual stresses depend on different design 
parameters such as rake angle, cutting speed, and friction as discussed in some previous 
studies [233, 234]. Also, the resultant residual stresses during machining processes have 
major effect on the surface quality, especially, its corrosion resistance and fatigue life [235, 
236]. In this chapter, the residual stresses which generated beneath the machined surface 
(i.e., at 100 µm below the machined surface) with/without MWCNTs-nano-fluid during 
machining Inconel 718 have been calculated. As shown in Figure 8-12, the test performed 
with employing MQL-MWCNTs-fluid (2 wt. %) showed lower average residual stresses 
value (max principle stress) than the test employed without MWCNTs. Also, in Figure 8-
13, a reduction percentage of about 12.5 % has been noticed between cutting tests 1 and 2, 
while a reduction percentage about 1of 5.9 % has been observed between after cutting test 
1 and 3. 
Similarly, for the cutting tests performed on Ti-6Al-4V (see Figure 8-15), the test 
done using 2 wt. % MWCNTs showed average residual stresses less than the test done 
using classial MQL. Also, as shown in Figure 8-14, a reduction percentage about 19 % has 
been noticed between cutting tests 1 and 2, while a reduction percentage about 25 % has 
been observed between cutting test 1 and 3. Also, it should be stated that the difference 
between the results of the induced residual stresses during machining Inconel 718 and Ti-
6Al-4 is attributed to the difference in the material mechanical properties as well as the 
used cutting speed. 





Figure 8-12 FE simulation of maximum residual stresses generated beneath the machined 
surface during machining Inconel 718 with/without MWCNTs-nano-fluid 
 
Figure 8-13 Simulated results of average residual stresses with/without MWCNT-nano-












































Figure 8-14 Simulated results of average residual stresses with/without MWCNTs-nano-
fluid during machining Ti-6Al-4V 
 
Figure 8-15 FE results for the maximum residual stresses generated beneath the machined 






































The nano-cutting fluid technology helps in decreasing the thermal softening and 
coefficient of friction as mentioned earlier, and it also forms a protective nano-additive thin 
film during the cutting process which has a vital role in reducing the induced residual 
stresses in the machined surface. As a result, it is claimed that using nano-cutting fluid 
could achieve lower induced friction and thermal softening rate without deteriorating the 
resultant machined surface in terms of generated residual stresses.  
8.6. Summary  
Details of finite element simulation of machining Inconel 718 and Ti-6Al-4V using 
MQL-nano-cutting fluids have been presented in this chapter. Two main phases have been 
employed in order to develop the integrated finite element model. The first phase simulated 
the thermal effect of the resultant nano-fluid mist through developing a 2-D Axisymmetric 
Computational Fluid Dynamics (CFD) domain representing the volume occupied by the 
mixture from inside the MQL nozzle to the interface area between the machined surface 
and the tool. The average heat convection coefficients results, obtained from the proposed 
CFD model at standard room temperature demonstrated a good agreement with the 
theoretical values calculated throughout this chapter. In the second phase, the effectiveness 
of the use of MQL-nano-cutting fluid in terms of cutting forces, temperature and resulting 
residual stresses has been analyzed using Lagrangian modeling approach with 
ABAQUS/Explicit. A boundary film on the machined and cutting tool surfaces is applied 
to represent the MQL-nano-cutting fluid. The boundary film expresses the nano-fluid mist 
using different heat convection coefficients values at different cutting temperatures as 
presented and discussed in the first phase. The experimental and simulated cutting forces 
showed better agreement in the cutting test performed without nano-additives (accuracy % 
≈ 90%) than the cutting test performed with nano-additives (accuracy % ≈ 82.3%), and 
that is mainly attributed to neglecting the ploughing effect simulation. Both generated 
cutting temperature and residual stresses results revealed better performance in the tests 
performed using MQL-nano-cutting fluid. It is mainly attributed to the promising thermal 
effect of the added boundary film as well as the lower coefficient of friction values 
employed in the simulation tests performed using MQL-nano-cutting fluid.  




This chapter presents a first attempt to simulate the machining processes using MQL-
nano-fluid; however, more improvements are still required in the future work to enhance 
this integrated model accuracy, particularly providing an accurate simulation of the nano-
additives ploughing effects. 
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Chapter 9 Sustainability Assessment of 
Machining Processes 
9.1. Preamble 
Developing a detailed and general assessment model for machining processes is an 
essential requirement as it can be used in providing optimal cutting conditions and 
analyzing the flows of energy and materials.  In this chapter, a general sustainability 
assessment algorithm for machining processes is developed and discussed.  The four life-
cycle stages (pre-manufacturing, manufacturing, use and post-use) are included in the 
proposed algorithm. Energy consumption, machining costs, waste management, 
environmental impact, and personal health and safety are used to express the overall 
sustainability assessment index. A list of indicators is employed under each sustainable 
metric and a measurement method for each indicator is defined. In addition, the proposed 
assessment algorithm has the flexibility to assign different weighting importance factors 
for each metric, indicator, and measured machining characteristic. The current proposed 
assessment algorithm of machining processes is developed and discussed in order to find 
the optimal and sustainable process parameter levels by considering both machining quality 
characteristics as well as the sustainable metrics presented in a previous work [8]. 
Furthermore, a solid sustainable machining guideline is developed by providing a list of 
indicators under each sustainable metric and defining the measurement method for each 
given indicator.  
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Thus, general assessment algorithm and guideline for sustainable machining processes 
are proposed in this study. In order to validate the proposed algorithm, three literature case 
studies have been implemented and results discussed. In addition, the proposed algorithm 
has been applied to the studied nano-cutting fluid cases and a good agreement with the 
experimentally measured results has been observed.  
9.2. Sustainable Machining Background 
Nowadays, a solid comprehensive sustainability assessment methodology is essential 
in the manufacturing processes.  Life cycle assessment (LCA) methodology can be used to 
assess the manufacturing processes; however, more concern needs to be focused on the 
product manufacturing and machine tool use phases through obtaining and classifying their 
corresponding metrics as obtained by Badurdeen et al. [4].  Jayal et al. [3] mentioned that 
it is necessary to study the concept of sustainable manufacturing through three different 
levels which include product, process, and system levels as their connection can provide 
the required sustainable target.  In addition, Joshi et al. [5] showed the new sustainable 
manufacturing 6R approach (reduce, reuse, recover, redesign, remanufacture, recycle) 
which replaced the 3R approach (reduce, reuse, recycle) of green manufacturing since it 
theoretically achieves a closed loop and multiple life-cycle paradigms. Although the 6R 
approach covers a wider range of sustainability aspects it lacks an independent tool to 
optimize the process.  Therefore, a solid assessment tool which could offer an optimal and 
sustainable solution is highly required.  In this chapter, developing a general sustainability 
assessment algorithm for machining processes is presented and discussed. This algorithm 
focuses on the main aspects of sustainability (i.e. environmental, economic, and societal).  
It mainly based on the four life-cycle stages (pre-manufacturing, manufacturing, use and 
post-use).  Five major sustainable metrics which presented by Lu [8] are employed to 
express the overall sustainability assessment index throughout the proposed algorithm; 
namely; energy consumption, machining costs, waste management, personal health and 
operational safety, and environmental impact.  
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The current proposed assessment algorithm of machining processes is developed and 
discussed in order to find the optimal and sustainable process parameter levels by 
considering both machining quality characteristics as well as the sustainable metrics 
presented in a previous research work [8]. Furthermore, a solid sustainable machining 
guideline is developed by providing a list of indicators under each sustainable metric and 
defining the measurement method for each given indicator. Thus, general assessment 
algorithm and guideline for sustainable machining processes are proposed in this study. 
9.3. Sustainability Modeling: Review 
Several studies in sustainability modeling have been performed in many 
manufacturing sectors; however, the machining sector still requires further improvements 
in terms of providing advanced sustainable techniques to enhance the process and product 
quality characteristics [237]. In this section, various studies related to sustainability 
assessment of machining are presented. Identification of the main pillars for achieving 
sustainable machining processes has been established in a previous work [238]. These 
pillars are; environmental impact, energy consumption, machining costs, waste 
management, and personnel health and operational safety. They have mainly focused on 
presenting a comparative study of two machining processes with and without applying 
cryogenic systems at different cutting conditions to evaluate the overall cost in terms of 
energy consumption. Also, another work [239] presents an effective guideline for 
measuring and assessment of sustainability at GM company (General Motors).  It has been 
based on the identification of stakeholder needs, standardization of business operations and 
units through national and international levels, and implementation of the continuous 
improvement concept. Additional work [240] studied the effect of energy consumption 
since it is an important pillar for manufacturing processes assessment.  This work has 
focused on measuring the energy consumption in both manufacturing and use phases 
including several energy consumption elements such as cutting fluid, transportation, 
manufacturing environment, and automation. The results showed the energy consumption 
and CO2 emissions for two milling machine tools, and it is recommended to extend this 
approach with including more sustainable metrics and manufacturing processes.  
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In addition, a previous study [241] developed a sustainable manufacturing 
measurement model which includes several sustainable metrics, indicators, guidelines, 
methods of measurements and techniques of performance evaluation. Several available 
systems for evaluating the sustainability concept have been listed with their corresponding 
number of indicators as shown in Table 9-1. Furthermore, a previous research work [242] 
discussed the product safety index and the different sustainable indicators in the Ford 
Motor Company.  These indicators have been based on LCA methodology and guidelines 
of ISO 14040 namely; Life Cycle Global Warming Potential, Life Cycle Air Quality 
Potential, Sustainable Materials, Restricted Substances, Drive-by-Exterior-Noise, Mobility 
Capability, Safety, and Life Cycle Cost of Ownership.  
Table 9-1 Different rating systems of sustainability concept 
Sustainability rating systems No. indicators 
Global Report Initiative (GRI) 70 
Dow Jones Sustainability Index (DJSI) 12 criteria based single indicators 
2006 Environment Performance Indicators 19 
United Nations Committee on Sustainable 
Development Indicators 
50 
Ford Product Sustainability Index 8 
GM Metrics for Sustainable Manufacturing 46 
ISO 14031 environmental performance 
evaluation 
155 example indicators 
Environmental Indicators for European Union 60 
Eco-Indicators 1999 3 main factors based single indicator 
Regarding the environmental impact metric, a previous study [243] have discussed the 
machining processes environmental burden calculations by obtaining emission intensity of 
CO2 per consumption resource as it is an important indicator for sustainability evaluation, 
and it can be used for expressing the coolant usage and energy consumption. Additional 
work [244] presented the carbon emission signature (CESTM) and carbon emission label 
concepts in order to evaluate the manufacturing processes environmental effects by 
calculating the carbon emission intensity associated with each component energy 
consumption and its corresponding rating factor.  
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Another study [245] focused on developing and optimizing the energy footprint for 
machining specific material under dry cutting conditions. The model is developed to 
express an optimized tool life based on minimum cost and minimum energy consumption 
through determining the optimal cutting conditions. Also, a previous research work  [246] 
revealed the cryogenic machining promising results in terms of tool wear, cutting 
temperature, and cutting forces as this study proves that the cryogenic techniques have 
significant effects of reducing the environmental and social impact.  Furthermore, higher 
production rates and lower wastes have been obtained under using this sustainable cooling 
technique.  Another work presented [50] several machining technologies effects on 
providing better processes outcomes from a sustainable perspective. High pressure jet-
assisted, cryogenic and conventional machining have been used during cutting of Inconel 
718 to express their impact on environmental emissions, waste management, machining 
costs, energy consumption, and personal health.  The sustainable machining technologies 
have obtained better economic, societal and environmental performance in comparison 
with conventional techniques; however, higher initial setup cost for these technologies is 
still the main challenge. Additionally, a previous attempt [247] has been presented to 
develop a thermodynamic framework for sustainable manufacturing processes to 
determine the processes components efficiencies. The exergy analysis approach has been 
implemented for the proposed model’s development.   
Another work [248] showed the exergy analysis implementation to investigate the dry 
cutting process through studying several cutting parameters effects on exergy loss and 
efficiency.  The proposed model is mainly based on developing a tool life equation which 
can provide minimum exergy loss. On the other hand, a previous study [249] proposed a 
new approach for sustainable process measurement (SPM). This approach has been built 
using four basic pillars; resources and value indicators organization, 
environmental/economical/societal representation, product life cycle consideration, and 
concerning with leading system outcomes over business indicators.  In terms of measuring 
sustainable development, several sustainable metrics, and their classifications have been 
obtained by in a previous work [250]; however, all these metrics are related to certain 
manufacturing organizations (e.g., OECD toolkit, General Motors metrics for sustainable 
manufacturing, Ford‘s PSI).   
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Thus, there is a need to develop a general guideline for measuring sustainability 
aspects in the manufacturing sector. Also, another study [251] presented a solid literature 
review which focused on the energy-efficient machine tools through modelling and 
analysis of energy loss and evaluating the machine tools energy efficiency. Additional 
work [252] developed an assessment model in order to evaluate and compare the machining 
performance of three technological cooling systems which are flood, cryogenic and near 
dry for a specific machining cases. The used assessment index included only machining 
cost, quality, and environmental impact. Also, a previous study [253]  presented a big data 
analytics platform evaluate the sustainability performance of machining processes. The 
proposed platform included big data infrastructure and data analytics to create models 
which could be used to identify the required function for specific machine tools. An 
additional work [254] proposed a sustainability assessment framework for turning process. 
The proposed framework is considering the environmental and economical perspectives 
along with the cutting tool wear performance.  
Another work [255] proposed a frame work for sustainability of machining processes 
which includes design, modelling, optimization, and assessment through building an 
integrated framework. In addition, a previous study [256] proposed a model to provide 
better understanding of machining sustainability under dry, and flood coolant and water 
vapor environments condition when cutting Inconel 718. It was expected to see a very bad 
performance during dry cutting of Inconel 718 and thus the authors have concluded their 
work on a comparison between the flood and water vapor environment and concluded their 
study by recommending the use of water vapor as an eco-friendly machining technique. 
Based on the above mentioned work, it can be concluded that various efforts have been 
performed in area of sustainable machining; however, there is no generalized and detailed 
model or tool that can assess the sustainable machining system. Thus, this work is focused 
on developing a solid and detailed assessment algorithm which could be used as effective 
tool to quantify the sustainability of machining processes. 
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9.4. Sustainable Machining Guideline 
A previous work [4] presented a proposed guideline for the sustainable manufacturing 
systems through showing the major manufacturing metrics, their associated indicators and 
how these indicators can be measured.  Similarly, using the same concept under focusing 
on certain machining considerations, developing a general guideline for the sustainable 
machining processes is accomplished throughout the current work. This guideline will be 
used as a preliminary step for developing the sustainable machining algorithm.  The 
proposed sustainable machining guideline depends on five major metrics which are; energy 
consumption, machining costs, waste management, environmental impact, and personal 
health and safety.   
Figure 9-1 shows a schematic diagram for the sustainable machining guideline which 
will be briefly discussed during this section. Regarding the indicators measurements, it can 
be determined using the analytical and numerical models especially for energy 
consumption, machining costs, process/product quality as will be discussed in the current 
section.  On the other hand, the non-quantifiable indicators can be evaluated depending on 
the designer’s experience and judgment especially for the personal health and operational 
safety effects as will be clarified in the current section too.  In this section, all associated 
indicators for each metric and their measurements methods are discussed. 




9.4.1. Energy Consumption 
Several assessment indicators are presented for energy consumption as following: 
- Wsetup is the energy consumed by the machine during setup and can be 
evaluated from the machine’s power consumption with the spindle turned off 
(Wȯ ) and the total time required for tool and workpiece setup as shown in 
equation (9.1), where tsetup is the required setup time [245]; 




- Wcutting is the energy required during the machining process and is evaluated from 
the energy spent on powering the machine modules (Wȯ ) and the energy for 
Figure 9-1  The sustainable machining guideline 
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material removal as shown in equation (9.2), where k is the specific cutting energy 
(J/mm3), V ̇ is material removal rate (mm3/min), and  tcutting is the required cutting 
time (min) [245]; 




- Wtool change is defined as the energy consumption during tool change. Since the 
tool is usually changed with the spindle turned off, the power during tool 
change is equal to the machine’s idle condition power consumption as shown 
in equation (9.3), where ttoolchange is the required time to change the cutting tool, 
and T is the cutting tool life [245]; 







- Etool is the energy footprint of the cutting tool and can be calculated from the 
product of the energy per cutting edge, Ecutting edge, and the number of the cutting 
edges required to complete the machining pass as shown in equation (9.4); 







- Wlubrication/cooling is the lubrication/cooling system required energy which can be 
determined as a function of the volume flow rate (V ̇ ) and applied pressure of 
the used cutting fluid (P) ̇ as shown in equation (9.5), where tcus is the cutting 
usage time; 
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- Wchip collecting is the required energy to lift up process’s chips;  
- Ewp is the required energy for production of the used workpiece; 
- Ewr is the required energy to recycle/recover scrap parts (workpiece); 
- Ewd is the required energy to dispose of the scrap parts (workpiece); 
- Ectp is the required energy for production the used cutting tool; 
- Ectr is the required energy to recycle/recover scrap parts (cutting tool); 
- Ectd is the required energy to dispose of scrap parts (cutting tool); 
- Ecfp is the required energy for production of the used cutting fluid; 
- Ecfr is the required energy to recycle/recover the used cutting fluid; 
- Ecfd is the required energy to dispose of the used cutting fluid; 
9.4.2. Machining Costs 
In this section, several machining costs components are presented [257]: 
- Cm is the cutting cost which can be expressed using the following terms as 
shown in equation (9.6), where tm is the machining time per piece (including 
the time the feed is engaged whether or not the tool is cutting), lm is the labor 
cost of a production operator per unit time, om is the overhead charge for the 
machine, including depreciation, indirect labor, and maintenance cost; 




- Cn is the cost associated with non-machining time, i.e., setup cost, preparation, time 
for loading & unloading, idle machine time (unit cost/piece); 
- Cc is the cost of tool changing which can be expressed using the following terms as 
shown in equation (9.7) where tg is the time required to grind and change a cutting 
edge, tac is the actual cutting time per piece, T is the tool life for a cutting edge, lg 
is the labor rate for a tool room operator, og is the overhead rate for the tool room 
operation; 
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C c = t g
tac
T




- Ct is the tool cost per piece which can be expressed as shown in equation (9.8), 
where Ce is the cost of a cutting edge, and 
tac
T
 is the number of tool changes 
required per piece; 







- Cctd is the cost of cutting tool disposal (unit cost/Kg); 
- Cctr is the recycling cost of cutting tool (unit cost/Kg); 
- Cl is the cutting fluid preparation costs and it can be expressed using the 
following terms as shown in equation (9.9), where Cco is the production cost 
of cutting oil (unit cost/liter), Cad is the cost of additives (unit cost/liter), Cdi is 
the required cost to disperse the additives into the main cutting oil (unit 
cost/liter), Csetup is the required cost for lubrication/cooling system setup (unit 
cost/liter), Cdis is the cost of cutting fluid disposal (unit cost/liter), and Clr is the 
recycling cost of cutting fluid (unit cost/liter); 
 




9.4.3. Waste Management 
Several indicators are used to predict the waste management and it is based on the 
same way of assessment which presented in a previous work [4]; however, more focus has 
been given to the machining processes considerations within this guideline as following: 
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- Wrc is the ratio of recycled chips which can be expressed using the following 
terms as shown in equation (9.10), where mcr is the total mass of recycled chips 








- Wdc is the ratio of disposed of chips and it can be expressed using the following 







- Wsr is the ratio of remanufactured scrap parts and it can be expressed using the 
following terms in equation (9.12), where msr is the total mass of 








- Wsrc is the ratio of recycled scrap parts and it can be expressed using the following 
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- Wsd is the ratio of disposed scrap parts and it can be expressed using the 
following terms as shown in equation (9.14), where msd is the total mass of 







- Wcfr is the mass of recycled/recovered cutting fluid; 
- Wcfd is the mass of disposed of cutting fluid; 
- Wctr is the mass of recycled/recovered cutting tool; 
- Wctd is the mass of disposed of cutting tool; 
9.4.4. Environmental Impact 
The environmental impact of different elements of the machining process can be 
expressed by multiplication of the used resource quantity with its respective emission 
intensity. The set of emission intensity values (i.e., based on a Japanese energy mix) and 
quantification of the resources used are listed in Table 9-2 [243].  
9.4.5. Personal Health and Operational Safety 
Indicators for personal health and operational safety are developed and discussed as 
following: 
- OStc is an operational safety index used to express the exposure of the toxic 
chemical during cutting fluid preparation or cutting process itself (mist/dust level). 
This value can be 1, 2, or 3 depending on its harmful effects (type and concentration 
%), where 1 is the lowest level and 3 is the highest level. It should be selected 
manually; 
- OShts is an operational safety index used to express the high-temperature surface 
exposure during the cutting processes.  This value can be 1 or 2 depending on the 
measured cutting temperature level, where it will be given by 1 at cutting 
temperature less than 600oC, and 2 during cutting temperature above this level.  In 
addition, it can be selected manually without considering the previous criteria; 




Table 9-2  Environmental impact ratings based on CO2 emission intensities 
Symbol Resources Rate Measurement method 
Ene Electricity (kg-CO2/kWh) 0.38 
Wsetup + Wmachining + W tool + E tool + W lubrication/cooling + Wchip 
collecting 
Enwm1 
    Cutting fluid disposal, water-miscible cutting fluid;  
type A1 (kg-CO2/L) 
3.78 
The volume of water-miscible cutting fluid which disposed of 
by normal techniques 
Enwm2 
Cutting fluid disposal, water-miscible cutting fluid;  
type A2 (kg-CO2/L) 
5.14 
The volume of water-miscible cutting fluid which disposed of 
by thermal recycle 
Enwm3 
Cutting fluid disposal, water-miscible cutting fluid;  
type A3 (kg-CO2/L) 
8.10 
The volume of water-miscible cutting fluid which disposed of 
by material recycle 
Endc 
Cutting fluid disposal, distilling and  
condensing process (kg-CO2/L) 
3.42 
The volume of cutting fluid which disposed of using distilling 
and condensing process (L) 
Enwi1 
Cutting fluid disposal, water-insoluble cutting fluid;  
normal (kg-CO2/L) 
2.55 
The volume of water-insoluble cutting fluid which disposed of 
by normal techniques 
Enwi2 
Cutting fluid disposal, water-insoluble cutting fluid; 
 thermal recycle (kg-CO2/L) 
1.77 
The volume of water-insoluble cutting fluid which disposed of 
by thermal recycle 
Ensd Spindle lubricant oil production and disposal (kg-CO2/L) 0.46 The volume of spindle lubricant oil (L) 
Enctp              Cutting tool production (kg-CO2/kg) 33.7 The mass of the used cutting tool (Kg) 
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- OShss is an operational safety index used to express the high-speed surface 
exposure during the cutting processes.  This value can be 1 or 2 depending on 
the used cutting speed level, where it will be given by 1 at cutting speed less 
than 900 rpm, and 2 during cutting speed above this level.  In addition, it can 
be selected manually without considering the previous criteria; 
- Pn is a personal health index used to express the noise level of working 
environment during the cutting processes.  This value can be 1 or 2 depending 
on the measured noise level, where it will be given by 1 at noise level less than 
90 dB, and 2 during noise level above this value. In addition, it can be selected 
manually without considering the previous criteria; 
- Pac is a personal health index used to express the working environment 
atmospheric conditions during the cutting processes.  This value can be 1 or 2 
depending on the measured wet-bulb globe temperature (WBGT). WBGT is a 
measure for atmospheric conditions which considers humidity, temperature, 
wind speed, and solar radiation.  This index will be given by 1 at WBGT level 
less than 82oF, and 2 during WBGT level above this value.  In addition, it can 
be selected manually without considering the previous criteria; 
- Pi is a personal health index used to express the illumination level of working 
environment during the cutting processes.  This value can be 1 or 2 depending 
on the measure illumination level, where it will be given by 2 at illumination 
level less than 75 fc, and 1 during illumination level above this value.  In 
addition, it can be selected manually without considering the previous criteria; 
At the end of this section, it can be obtained that all sustainable metrics are associated 
with a list of indicators to express and evaluate the sustainability major aspects through the 
four life-cycle stages by obtaining what/how must be measured. In the next section, the 
proposed assessment algorithm will be presented and discussed.  
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9.5. The Proposed Sustainable Machining Algorithm 
The main objective of the proposed algorithm [264] is to find the optimal and 
sustainable process parameters levels by considering both machining quality 
characteristics as well as the sustainable indicators presented in the previous section. The 
proposed algorithm provides an overall assessment index which expresses the whole 
sustainable machining system in terms of the studied machining metrics, indicators and 
machining responses. Furthermore, the current algorithm accommodates several 
machining responses and sustainable indicators regardless of their criteria (higher-the-
better, lower-the-better, or nominal-the-better). In general, the developed algorithm is a 
heuristic approach (multi-objectives solver) and specific for the sustainable machining 
optimization. The proposed algorithm notations are defined as following: 
Ndp number of selected design parameters 
Nli number of levels per each design parameter (i) 
M number of selected machining quality characteristics (responses) 
N number of experimental cutting tests 
NM  number of studied sustainable metrics 
Nk number of selected indicators for each sustainable metric (k) 
Ikp value for each sustainable indicator (p) 
Mrj value for each machining response (j) 
MQWj weighting importance factor for each machining response (j) 
SMWk weighting importance factor for each sustainable metric (k) 
IWkp weighting importance factor for each sustainable indicator (p) 
SFkpjn sustainable factor for each cutting test (n) 
SIkpjn sustainable index for each cutting test (n) 
WSIkpjn weighted sustainable index for each cutting test (n) 
TWSIn total weighted sustainable index for each cutting test (n) 
AWSIjn average weighted sustainable index for each machining characteristic (j) 
AWSIkn average weighted sustainable index for each sustainable assessment metric 
(k) 
OAWSIn overall average weighted sustainable index for each cutting test (n) 
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n cutting tests counter  
i design parameter levels counter 
k sustainable metrics counter  
p sustainable indicators counter 
j machining responses counter 
The proposed sustainable algorithm is presented and discussed in this section. Figure 
9-2 shows the main steps for the proposed sustainable assessment process. The 
experimental cutting tests results are used beside its corresponding sustainable indicators 
in order to predict the sustainable factor for each cutting test. The sustainable factor per 
each cutting test is calculated as shown in equation (9.15). 
 









I M r   if I and M r are both LB or H B
M in(I ,M r )SF =
                       otherw ise,










The optimal sustainable factor is then selected depending on the studied indicators and 
responses criteria (higher-the-better (HB) or lower-the-better (LB)). The optimal 
sustainable factor is then compared with the other sustainable factors to predict the 
sustainable index for each cutting test (i.e., Normalization/Scaling). The sustainable index 
per each cutting test can be determined as shown in equation (9.16). 





























Thus, the maximum sustainable index value should be 1. Furthermore, different 
weighting importance factors for the studied metrics, indicators, and machining 
characteristics are provided in order to calculate the weighted sustainable index for each 
cutting test as can be obtained in equation (9.17). 
kpjn k kp kpjn





The last step is calculating the total weighted sustainable index for each cutting test. 








In addition, the average weighted sustainable index for each cutting test can be 
















                                                       Chapter 9 Sustainability Assessment of Machining Processes     
176 
 
Furthermore, other assessment indices are also presented using this algorithm to 
analyze the machining process sustainability with more focusing on the studied machining 
characteristics or sustainable metrics such as; AWSIjn and AWSIkn, respectively. These 






















The proposed algorithm flow chart which obtains the previously mentioned steps is 
established as shown in Figure 9-3. To sum up, TWSIn can be used as an overall assessment 
index which expresses the whole sustainable machining system in terms of the studied 











Figure 9-3 Proposed algorithm of sustainability assessment of machining processes 
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9.6. Assessment Model Validation (Case Studies) 
The proposed algorithm is validated using several experimental data to ensure that the 
optimal conditions predicted by the proposed algorithm are consistent with the physical 
findings in different experimental studies.  Attention was made to ensure that cases studies 
have a wide range of process parameters and process outputs.  The process parameters 
include feed rate, cutting speed, depth of cut, tool geometry, and lubrication strategy, while 
the process outputs include energy consumption, flank tool wear, average surface 
roughness and tool life. Furthermore, in order not to overweight the sustainable indicators 
over other indicators and to handle the redundancy issue, lower weighting factors can be 
used. The proposed approach provides the decision makers the flexibility to select and 
assign different weighting factors for the measured machining process outputs, metrics and 
indicators (see Figure 9-3 & Equation (9.17)), so that the current algorithm can handle the 
redundancy problem. 
9.6.1. Case Study I 
The proposed assessment algorithm is utilized in a literature case study to validate the 
developed assessment model. A previous study [258] has performed thirty cutting tests 
during turning of AA7075-15 wt. % SiC Particles (20-40 µm) composite using CNMG 
12040EM cutting inserts. The process parameters include; cutting speed, feed rate, depth 
of cut and nose radius while each design parameter includes three different levels. 
Investigations have been carried out to study the tool life and energy consumption. The 
proposed algorithm is implemented to predict the optimum tool life and energy 
consumption in these tests based on the following assumptions: 
- Energy consumed, and environmental impact (CO2 emissions) are the two 
sustainable metrics used; 
- The sustainable indicator for environmental impact is Ene which is evaluated 
based on Table 9-2; 
- Equally weighting factors for sustainable metrics are assumed; 
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Based on these assumptions, the sustainable weighted index for each experimental 
cutting test is calculated and plotted in Figure 9-4.  As can be seen in the Figure 9-4, cutting 
test 1 has the highest weighted sustainable index.  The process parameters employed in this 
test were: cutting speed of 90 m/min, feed rate of 0.15 mm/min, depth of cut of 0.2 mm 
and nose radius of 0.4 mm. The highest weighted sustainable index predicted the same 
measured optimal energy consumption and tool life results which were 1.012 kWh and 6.5 
min respectively. In addition, the lowest index is obtained at cutting test 16 which has the 
highest energy consumption and the lowest tool life results of 2.16 kWh and 0.6 min 
respectively.  Based on this case study the proposed algorithm has predicted identical 
values (see Table 9-3) for best and worst cases scenarios for energy consumption and tool 
life.  
 
Table 9-3 The proposed assessment algorithm results versus optimal results (Case I) 
The measured machining 
responses 
The proposed assessment 
algorithm results 





Tool life (min) 6.5 6.5 
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9.6.2. Case Study II 
A previous research work [259] performed 27 cutting tests to evaluate the machined 
average surface roughness and energy consumption during turning of AISI 1045 steel. 
Uncoated tungsten carbide tool (TNMG 16 04 12) has been used in the tests. The process 
parameters include cutting speed, feed rate and depth of cut.  The presented assessment 
algorithm is employed to evaluate the optimum surface roughness and power consumption 
in these tests based on the following assumptions and the weighted sustainable index is 
calculated. The employed assumptions are: 
- The energy consumed during the cutting process is the only studied sustainable 
metric; 
- The average surface roughness is the only studied machining quality 
characteristic  
Figure 9-5 shows the proposed algorithm results based on the above assumptions.  The 
predicted data based on the assessment algorithm revealed that the highest assessment 
index is obtained at cutting test 10 in (see Figure 9-5), which was performed at cutting 
speed of 134.3 m/min, feed rate of 0.12 mm/min and depth of cut of 0.5mm.  At this 
predicted optimal condition, the measured surface roughness and energy consumption 
values were 1.284 µm and 0.574 kW respectively.  The measured average surface 
roughness and energy consumption revealed optimum values of 1.257 µm and 0.543 kW, 
respectively at cutting test 11 in (see Figure 9-5). This confirms a good agreement between 
the measured optimal process response and the one predicted by the proposed assessment 
algorithm (see Table 9-4). On the other hand, cutting test 27 shows the lowest assessment 
index which is also represented the highest surface roughness and energy consumption 
results of 3.574 µm and 2.43 kW respectively. In that case, the predicted and measured 
values are identical. 




Table 9-4 The proposed assessment algorithm results versus optimal results (Case II) 
The measured machining 
responses 
The proposed assessment 
algorithm results 
The optimal machining 
responses results 
Energy consumption (kW) 0.574 0.543 
surface roughness (µm) 1.284 1.257 
 
9.6.3. Case Study III 
A previous work [260] presented 27 experimental trials on PEEK-CF30 composite 
(i.e. reinforced PEEK with 30% of carbon fibers (PEEK-CF30)).  Dry turning trials have 
been carried out on a GORATU GCRONO 4S CNC using TiN coated cutting tools 
(WNMG080408-TF). The processes parameters include; cutting speed, feed rate and depth 
of cut. Investigations have been carried out to study the average surface roughness and 
energy consumption through using L27OA based on the Taguchi experimental design. The 
following points have been assumed to accommodate the developed algorithm 
implementation: 
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- The studied metrics are the energy consumption, and environmental impact 
(CO2 emissions); 
- The studied sustainable indicator for environmental impact is Ene (kg-
CO2/kWh); 
- The average surface roughness is the only studied machining quality 
characteristic; 
- Equally weighting factors for sustainable metrics are assumed; 
The total weighted indices are calculated depends on the previous assumptions and the 
results are provided as shown in Figure 9-6. It is obtained that cutting test 27 has the highest 
weighted sustainable index as shown in Figure 9-6.  Cutting test 27 is performed at cutting 
speed of 100m/min, feed rate of 0.05 mm/min and depth of cut of 0.25mm. At this predicted 
optimal condition, the average surface roughness and power consumption values were 1.14 
µm and 7.3 kW respectively. This cutting test offers the optimal power consumption value 
(see Table 9-5); however, the average surface roughness isn’t the same as the measured 
optimal value as the proposed assessment algorithm is designed to achieve a multi-
objective optimization depends mainly on the provided assumptions (e.g. studied 
indicators, weighting factors). On the other hand, cutting test 1 shows the lowest 
assessment index as it has the highest surface roughness and energy consumption of 1.855 
µm and 49.7 kW respectively. In that case, the predicted and measured values are identical. 




Table 9-5 The proposed assessment algorithm results versus optimal results (Case III) 
The measured machining 
responses 
The proposed assessment 
algorithm results 
The optimal machining 
responses results 
Energy consumption (kW) 7.3 7.3 
surface roughness (µm) 1.14 0.98 
These studies have focused only on using equally weighting factors for machining 
characteristics, metrics, and indicators to find the optimal process parameter levels; 
however, different weighting factors can be implemented through this proposed algorithm. 
Therefore, this assessment algorithm has the flexibility to be utilized in any further case 
studies.   
9.7. Nano-Cutting Fluids Case Studies 
The proposed assessment algorithm has been implemented in the studied nano-cutting 
fluid cases in order to ensure that the optimal conditions predicted by the proposed 
algorithm are consistent with the physical findings in the studied experimental cases. The 
following points have been assumed to accommodate the developed algorithm 
implementation; 
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- The studied metrics are the energy consumption, environmental impact (CO2 
emissions), and personal health and operational safety 
- The sustainable indicator for environmental impact is Ene which is evaluated 
based on Table 9-2.  
- The sustainable indicators for the personal health and operation safety metric 
are OStc, OShts, and OStc 
- Equally weighting factors for sustainable metrics and machining quality 
characteristics are implemented. 
The assessment results for the three studied cases are provided as shown in Tables 9-
6, 9-7 and 9-8. In the all studied cases; Ti-6Al-4V with MWCNT (see Figure 9-7), Inconel 
718 with MWCNT (see Figure 9-8), and Inconel 718 with Al2O3 (see Figure 9-9), the 
highest index is demonstrated at cutting test 4 which includes the medium level of cutting 
speed, the lowest level of feed rate, and 2 wt.% of added nano-additives. While the lowest 
index in all case studies (see Tables 9-4, 9-5, and 9-6) is revealed at cutting test 6 that has 
been performed at the medium level of cutting speed, the highest level of feed rate, and 
without any added nano-additives.  
The current findings are confirmed by the previous experimental investigations 
provided in chapters 5 and 6 as the employed nano-cutting fluids offers promising results 
in comparison with the tests performed without nano-additives; however, the optimal 
added nano-additive percentage was 2 wt.%. This finding provides more physical sense as 
the highest percentage of nano-additive (4 wt. %) could cause more deteriorations to the 
cutting processes because of the highest occurrence possibility of the drastic ploughing 
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Personal health and 
















1 0.44 0.89 2325 885.825 1 2 1 0.354553 
2 0.18 0.85 2084 794.004 2 2 1 0.598868 
3 0.16 1.85 2192 835.152 2 2 1 0.493268 
4 0.29 0.51 2138 814.578 2 2 1 0.607399 
5 0.21 1.063 2230 849.63 2 2 1 0.471409 
6 0.62 2.8 2454 934.974 1 2 1 0.160113 
7 0.45 0.55 2410 918.21 2 2 1 0.452747 
8 0.56 1.89 2634 1003.554 1 2 1 0.190617 
9 0.42 1.43 2344 893.064 2 2 1 0.267851 
With more focus on the studied cases associated with cutting Inconel 718, it was found 
that cutting test 4 has the highest weighted sustainablity index as shown in both Figure 9-
8 and Figure 9-9.  Cutting test 4 has been performed at cutting speed of 40 m/min, feed rate 
of 0.2 mm/rev and nano-additives weight percentage of 2 wt.%. At this predicted optimal 
condition, the average surface roughness values were 1.35 µm and 1.76 µm, while the flank 
wear values were 0.187 mm and 0.213 mm for MWCNTs, and Al2O3 nano-fluids, 
respectively. This cutting test offers the same optimal average surface roughness value 
when machining Inconel 718 with MWCNTs nano-fluid (see Figure 5-5 and Table 9-9); 
however, the predicted average surface roughness in the case of Al2O3 nano-fluid is not the 
same as the measured optimal value. This is due to the fact that the proposed assessment 
algorithm is designed to achieve a multi-objective optimization and it depends mainly on 
the provided assumptions (e.g. studied indicators, weighting factors). However, the 
predicted and optimal average surface roughness values in case of Al2O3 nano-fluid were 
in close agreement as shown in Table 9-9.  Regarding the flank wear results, the model 
offers the same optimal flank wear values when machining Inconel 718 with Al2O3 nano-
fluid (see Figure 5-1 and Table 9-9). The predicted flank wear in case of MWCNTs nano-
fluid is not the same as the measured optimal value; however, the predicted and optimal 
flank wear values were in close agreement as shown in Table 9-9. 
 




Figure 9-7  Total weighted sustainable indices results of machining Ti-6Al-4V with 
MWCNTs 










impact metric  
(kg-CO2/kWh) 
Personal health and 

















1 0.295 3.21 1736 661.416 1 2 1 0.351883 
2 0.145 2.54 1602 610.362 2 2 1 0.606391 
3 0.165 3.5 1652 629.412 2 2 1 0.48653 
4 0.187 1.35 1706 649.986 2 2 1 0.673904 
5 0.17 1.98 1721 655.701 2 2 1 0.57455 
6 0.32 6.32 1807 688.467 1 2 1 0.247136 
7 0.21 1.54 1807 688.467 2 2 1 0.56633 
8 0.387 3.85 1963 747.903 1 2 1 0.253571 
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On the other hand, cutting test 6 showed the lowest assessment index in both employed 
cases (see Figure 9-8 and Figure 9-9). This cutting test has been performed at cutting speed 
of 40 m/min, feed rare 0.4 mm/rev, and without nano-additives. The flank wear and average 
surface roughness results at cutting test 6 were; 0.32 mm and 6.23 µm, respectively. 
Regarding the average surface roughness results, the model and measured values are 
identical since both of them confirmed that the worst surface quality occurred after cutting 
test 6 (see Figure 5-5, Figure 9-8 and Figure 9-9). In terms of the flank wear results, the 
model and measured values weren’t in agreement since cutting test 8 showed the highest 
flank wear (see Figure 5-1); however, both of them confirmed that the highest flank wear 
occurred during machining Inconel 718 without nano-additives. Thus, it can be concluded 
that the model outputs are consistent with the physical findings in the current experiments 
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impact metric  
(kg-CO2/kWh) 
Personal health and 

















1 0.295 3.21 1736 661.416 1 2 1 0.381151 
2 0.145 2.86 1602 610.362 2 2 1 0.622218 
3 0.165 3.87 1652 629.412 2 2 1 0.501623 
4 0.187 1.763 1706 649.986 2 2 1 0.640188 
5 0.17 2.45 1721 655.701 2 2 1 0.566734 
6 0.32 6.32 1807 688.467 1 2 1 0.264737 
7 0.21 1.513 1807 688.467 2 2 1 0.634532 
8 0.387 3.85 1963 747.903 1 2 1 0.278177 
9 0.28 4.2 1809 689.229 2 2 1 0.324196 
 
Regarding the optimal levels of the nano-additives concentration, it has been found 
that 4 wt. % for both Al2O3 and MWCNTs nano-fluids showed the best experimentally 
surface quality and tool wear; however, no noticeable change has been observed between 
2 wt. % and 4 wt. % in the energy consumption results. The assessment model showed that 
cutting test 4 is the optimal test which has the highest total weighted index. The nano-
additives concentration at this test is 2 wt. %. At this point, the experimental investigations 
were not the same as the assessment model findings; however, the model finding provides 
more physical sense as the highest percentage of nano-additive (4 wt. %) could cause more 
deteriorations to the cutting processes. This can be attributed to the highest occurrence 
possibility of the drastic ploughing effects which could increase the induced nano-additives 
wear and accordingly increase the overall tool wear. When there is an abundance of nano-
additives in the resultant nano-fluid, they collide with and are impeded by the asperities on 
the work surface and hence generate higher cutting forces.  As a result, the nano-additive 
induced wear is increased with increasing the nano-additives concretion as similarly 
discussed in a previous work [182] (see Figure 7-4). On the other hand, increasing the 
nano-additives concentration would increase the resultant nano-fluid thermal conductivity 
and would improve the heat dissipation performance. Moreover, increasing the nano-
additives concentration means more nano-additives in the workpiece-interface area, and 
therefore the induced friction would decrease as can be seen in Figure 7-4. Thus, the nano-
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additives concentration should be carefully selected and optimized in order to strike a 
balance between all previous considerations. 






Figure 9-9  Total weighted sustainable indices results of machining Inconel 718 with Al2O3 
 
Finally, it is recommend to study/include other sustainable indicators such as the 
consumption of nano-additives and the energy required for the dispersion in the cutting 
fluid in order to provide a more comprehensive understanding of the sustainability 
assessment of machining with nano-cutting fluids. 
Machining outputs 
MWCNTs Al2O3 
Model Exp. Model Exp. 
Average surface 
roughness (µm) 
1.35 1.35 1.76 1.513 
Flank wear (mm) 























In this chapter, a proposed sustainability assessment algorithm of machining processes 
is developed and discussed. The proposed algorithm is mainly based on considering both 
machining quality characteristics and sustainable machining metrics results to find the 
optimal process parameter levels. Using weighting factors for the measured machining 
process outputs, metrics and indicators provide this assessment algorithm the flexibility to 
be applied to any experimental case. Five major sustainable metrics are utilized through 
this algorithm; energy consumption, machining costs, waste management, environmental 
impact, and personal health and safety. All sustainable metrics are associated with a list of 
indicators to express and evaluate the major aspects of sustainability through the four life-
cycle stages by obtaining what must be measured.   
Three literature case studies have been implemented to validate using the proposed 
algorithm. In each of the cases studies, the predicted optimal parameters were in close 
agreement with the experimentally measured results.  In addition, the proposed algorithm 
has been implemented in the studied nano-cutting fluids cases in order to ensure that the 
optimal conditions predicted by the proposed algorithm are consistent with the physical 
findings in different experimental studies. It should be stated that the proposed algorithm 
is considered as a valuable tool for the sustainable machining processes optimization.  
Finally, it is recommended to study/include other sustainable indicators such as the 
consumption of nano-additives and the energy required for the dispersion in the cutting 
fluid in order to provide a more comprehensive understanding of the sustainability 
assessment of machining with nano-cutting fluids. 
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Chapter 10 Conclusions and Future Works 
10.1. Preamble 
Flood cooling is a typical cooling strategy used in industry to dissipate the high 
temperature generated during machining difficult-to-cut materials; however, the use of 
flood coolant has raised environmental and health concerns which call for different 
alternatives. Minimum Quaintly Lubricant (MQL) has been successfully introduced as an 
acceptable coolant strategy; however, its potential to dissipate heat is much lower than the 
one achieved using flood coolant. The main objective of this thesis is focused on achieving 
sustainable machining processes for difficult-to-cut materials using nano-cutting fluids 
under MQL. In order to achieve this objective, several research phases have been achieved. 
The first phase has mainly focused on performing experimental cutting trials to investigate 
the effects of MWCNTs and Al2O3 nano-fluids on several machining quality characteristics 
such as flank tool wear and energy consumption. The first phase has ended up with several 
required investigations such as the importance of understanding the MQL-nano-fluids heat 
transfer and wear mechanisms which have been presented and discussed briefly in the 
second phase. Two analytical models have been developed in order to fully understand the 
induced nano-additive wear and heat transfer mechanisms during the cutting processes 
using MQL-nano-fluids. These models have been also presented through a comparative 
performance analysis between using nano-particles (Al2O3) and nano-tubes (MWCNTs).  
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The third phase has focused on developing an integrated finite element model which 
can be used to simulate the thermal and frictional effects of the MQL-nano-fluid in order 
to study various unique cutting aspects such as generated cutting temperature and residual 
stresses. In order to provide a tool to obtain the sustainable and optimal cutting conditions, 
the fourth phase of analysis has focused on developing a detailed assessment model for 
machining processes over a wide range of sustainability aspects. Using weighting factors 
for the measured machining process outputs, metrics and indicators provide this assessment 
algorithm the flexibility to be applied to any experimental case. The proposed assessment 
model is considered as a valuable tool for the sustainable machining processes 
optimization. The most important findings revealed from these four phases are presented 
in the next section.  
10.2. Conclusions  
The most important findings of the current work are concluded as following: 
- During machining Inconel 718 and Ti-6Al-4V, it is observed that both nano-
fluids offer promising results in terms of tool wear, average surface roughness, 
and energy consumption; however, MWCNTs nano-fluid presents better 
performance than Al2O3 nano-fluid; 
- During machining Inconel 718 and Ti-6Al-4V under using MQL-nano-cutting 
fluids, the percentage of added nano-additives is a significant design variable 
for all studied machining characteristics; 
- When machining Inconel 718, 4 wt.% added MWCNT or Al2O3 nano-particles 
was the optimal level for flank tool wear and average surface roughness results; 
however, no noticeable change has been observed between 2 wt.% and 4 wt.% 
for the energy consumption results; 
- When machining Ti-6Al-4V, 4 wt.% added MWCNT is the optimal level for 
flank tool wear results; however, 2 wt.% nano-fluid offers better performance 
than 4 wt.% nano-fluid for both energy consumption and average surface 
roughness results; 
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- During machining Inconel 718 and Ti-6Al-4V, it is observed that both nano-
fluids offer promising results in terms of tool wear, average surface roughness, 
and energy consumption; however, MWCNTs nano-fluid presents better 
performance than Al2O3 nano-fluid; 
- The dominant wear modes noticed for the cutting tests performed without 
nano-additives during machining Inconel 718 are; excessive flank wear, 
notching, built up edge (BUE), crater wear and oxidation. In addition, both 
MWCNTs and Al2O3 nano-fluids have shown promising results in enhancing 
the tool performance due to the improved cooling and lubrication properties, 
which enhance the interface bonding between tool and workpiece surfaces;   
- The dominant wear modes observed when machining Ti-6Al-4V without nano-
additives are; flank wear, crater wear, tool nose wear and plastic deformation. 
The use of MWCNTs nano-fluid resulted in a better tool performance as it 
offers an effective heat dissipation characteristic which retains the cutting tool 
original hardness; 
- The chip morphology investigations for Inconel 718 and Ti-6Al-4V cutting 
tests confirmed the significant cooling and lubrication effects of the proposed 
nano-fluid on both alloys machinability;  
- Different mathematical models for each alloy have been developed to express 
the studied cutting responses based on the range of studied design variables. 
An acceptable average model accuracy has been obtained for each proposed 
model; 
- Two main mechanisms (i.e., rolling and ploughing mechanisms) are used to 
explain the cooling and lubrication functions when using MQL-nano-fluids. 
- In terms of the rolling mechanism effects, the incremental increase of nano-
additives concentration decreases the induced coefficient of friction as these 
nano-additives serve as spacers, eliminating the contact between tool and 
workpiece; 
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- In terms of the ploughing mechanism, when there is an abundance of nano-
additives in cutting oil, they collide with, and are impeded by, the asperities on 
the work surface, and thus generates higher cutting forces. As a result, the 
nano-additive induced wear is increased with increasing the concentration of 
nano-additives; 
- The induced nano-additive wear classification offers a clear understanding 
about the ploughing and rolling mechanisms occurrence conditions. As long as 
the induced nano-additive wear is less than the lubricated surface wear, it 
means that the dominant mechanism is rolling. On the other hand, if the 
induced nano-additive wear is greater than the lubricated surface wear, it 
means that the dominant mechanism is ploughing. While the mending effect 
represent a critical condition between the ploughing and rolling mechanisms 
effects; 
- It has been proved that the nano-additive induced wear is inversely 
proportional to the nano-additive diameter for both cases; nano-particles or 
nano-tubes.  Because of this investigation, using large nano-additives would 
decrease the nano-additive wear and accordingly decreases the ploughing 
occurrence percentage. Although increasing the nano-additive size leads to 
decrease the nano-additive wear, it would decrease the number of nano-
additives per nominal area of contact which would lead to increase the induced 
friction. Thus, the nano-additives concentration and sizes parameter should be 
controlled and optimized in order to avoid the drastic ploughing effects and 
high induced friction;  
- Depending on the proposed nano-additive wear models using nano-particles 
and nano-tubes, it can be clearly concluded that MWCNTs offer promising 
result than Al2O3. This investigation would justify and provide a physical 
interpretation regarding the experimental results demonstrated throughout 
chapter 5 since MWCNTs-nano-fluid offers better results than Al2O3 nano-
fluid for all studied machining responses.  
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- Two main scenarios have been presented in order to express the energy transfer 
mechanisms during the cutting process using MQL-nano-cutting fluids;  
- Depending on the proposed general heat transfer model using nano-particles 
and nano-tubes, it has been demonstrated that increasing the heat convection 
coefficient of the nano-cutting fluid mist and the protective nano-additive layer 
thickness enhances the heat transfer resistances inside of and at the machined 
surface. In addition, it has been concluded that decreasing the thermal 
diffusivity of the nano-cutting fluid mist would enhance the heat transfer 
resistance performance inside the workpiece;  
- It has been concluded that MWCNTs nano-fluid provides better performance 
than Al2O3 nano-fluid for both thermal diffusivity and heat convection 
coefficient results. Regarding the heat convection coefficient results, an 
improvement percentage of 4.25% for MWCNTs nano-fluid with 2 wt. % has 
been observed compared to Al2O3 nano-fluid with 2 wt. %, while 7.82% 
improvement percentage has been noticed for MWCNTs nano-fluid with 4 wt. 
% in comparison with 4 wt. % of Al2O3 nano-fluid. In terms of the thermal 
diffusivity results, an improvement percentage of 13% for 2 wt.% MWCNTs 
nano-fluid with has been observed compared to 2 wt. % Al2O3 nano-fluid, 
while 22.8 % improvement percentage has been noticed for 4 wt. % MWCNTs 
nano-fluid in comparison with 4 wt. % Al2O3 nano-fluid; 
- The nano-additive wear and heat transfer models present a solid physical 
evidence which proves that MWCNT nano-fluid offers better tribological and 
heat transfer properties than Al2O3, and accordingly enhances the machining 
quality characteristics; 
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- An integrated finite element modeling of machining Inconel 718 and Ti-6Al-
4V using MQL-nano-cutting fluids has been presented through two main 
phases. The first phase simulated the thermal effect of the resultant nano-fluid 
mist through developing a 2-D Axisymmetric Computational Fluid Dynamics 
(CFD) domain, while the second phase studied the effectiveness of the use of 
MQL-nano-cutting fluid in terms of machining temperature and resulting 
residual stresses using ABAQUS/Explicit with Lagrangian modeling 
approach; 
- The average heat convection coefficients results obtained from the proposed 
CFD model at standard room temperature demonstrated a good agreement with 
the theoretical heat transfer characteristics. The highest accuracy has been 
observed under using MWCNTs with 4 wt. % (about 99.7%). Thus, the 
proposed CDF has been used to determine the heat convection coefficients at 
different temperatures for the studied MQL-nano-fluids with MWCNTs;  
- The experimental and simulated cutting forces during machining Inconel 718 
shows better agreement in the cutting test performed without nano-additives 
(i.e., accuracy % ≈ 90%) than the cutting test performed with 2 wt. % 
MWCNTs (i.e., accuracy % ≈ 82.3%). Similarly for cutting tests performed 
on  Ti-6Al-4V, the experimental and simulated cutting forces shows better 
agreement in cutting test 1 (i.e., accuracy ≈93.7%) than cutting test 4 (i.e., 
accuracy ≈ 79.6%).  It is mainly attributed to neglecting the ploughing effect 
simulation (q2
′′); 
- Both generated cutting temperature and residual stresses results reveal better 
performance in the tests performed using MQL-nano-cutting fluid during 
machining Inconel 718 and Ti-6Al-4V. It is mainly attributed to the promising 
thermal effect of the added boundary film as well as the lower coefficient of 
friction values employed in the tests performed using MQL-nano-cutting fluid;  
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- A general proposed sustainability assessment model of machining processes 
has been developed and discussed. Three literature case studies have been 
implemented to validate using the proposed algorithm.  In each of the cases 
studies, the predicted optimal parameters were in close agreement with the 
experimentally measured results. In addition, the proposed algorithm has been 
implemented in the studied nano-cutting fluids cases in order to ensure that the 
optimal conditions predicted by the proposed algorithm are consistent with the 
physical findings in different experimental studies; 
- In the all studied cases, Ti-6Al-4V with MWCNTs, Inconel 718 with 
MWCNTs and Inconel 718 with Al2O3, the highest index has been 
demonstrated at cutting test 4, which includes the medium level of cutting 
speed, the lowest level of feed rate, and 2 wt. % of added nano-additives. While 
the lowest index in all case studies is revealed at cutting, test 6 that has been 
performed at the medium level of cutting speed, the highest level of feed rate, 
and without any added nano-additives;   
- The proposed sustainability model findings are confirmed by the previous 
experimental investigations provided in chapters 5 and 6 as the employed 
nano-cutting fluids offers promising results in comparison with the tests 
performed without nano-additives; however, the optimal added nano-additive 
percentage was 2 wt. %. This finding provides more physical sense as the 
highest percentage of nano-additive (4 wt. %) could cause more deteriorations 
to the cutting processes because of the highest occurrence possibility of the 
drastic ploughing effects and high induced friction; 
10.3. Current Research Contributions 
- The current research addresses the research gap in the literature which relates 
to investigation of nano-fluids technology when machining titanium and 
nickel-based alloys using both nano-particles and nano-tubes; 
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- The current research provides a clear understanding of the role of MQL-nano-
cutting fluids, its cooling and lubrication mechanisms, and clarification of the 
possible induced nano-additive wear, and the occurrence conditions of the 
ploughing and rolling mechanisms. In addition, two main scenarios have been 
presented in order to express the energy transfer mechanisms during the cutting 
process using MQL-nano-cutting fluids;  
- A comparative performance analysis model for the induced nano-additive wear 
has been developed and utilized for both nano-particles and nano-tubes 
scenarios; 
- A general nano-cutting-fluid heat transfer model has been developed to 
understand the role of nano-additives in enhancing the cooling and 
characteristics of the cutting fluid; 
- An integrated finite element model of machining process using MQL-nano-
cutting fluid has been developed and discussed in order to simulate the thermal 
and frictional effects of the applied nano-fluid mist (i.e., the cooling and 
lubrication aspects of nano-fluid based MQL); 
- A detailed and general assessment model for sustainable machining processes 
has been developed and discussed. This model offers a tool to obtain not only 
the optimal cutting conditions, but also the optimal sustainable aspects. 
Moreover, it is considered as a valuable tool for the sustainable machining 
processes optimization;    
10.4. Future Research 
Finally, the current research could be extended in the future work by considering the 
following points: 
- Including more design variables effects (e.g. applied MQL air pressure, MQL 
nozzle orientation, MQL volume flow rate, and cutting tool geometry).  
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- Proposing a dual nano-cutting-fluid; for example, mixture between MWCNTs 
and Al2O3 nano-particles, and then investigating the tribological and heat 
transfer characteristics of the proposed dual fluid on the machining processes 
performance; 
- Developing an analytical model to explain the relationship between the 
induced nano-additive wear and the nano-additive size and concentrations; 
- Enhancing the current integrated finite element model by simulating the nano-
additive ploughing effects in order to accurately predict the effectiveness of 
using MQL-nano-fluid; 
- Enhancing the current sustainability assessment model by studying/including 
other sustainable indicators such as the consumption of nano-additives and the 
energy required for the dispersion in the cutting fluid in order to provide a more 
comprehensive understanding of the sustainability assessment of machining 
with nano-cutting fluids; 
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